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ECOLOGY, DIVERSITY AND COMPARATIVE GENOMICS OF
OCEANIC CYANOBACTERIAL VIRUSES

By

Maithew Brian Sullivan

Submitted to the Department of Biology in April, 2004 in partial fulfillment of the requirements
for the degree of Doctor of Philosophy

ABSTRACT

The marine cyanobacteria Prochlorococcus and Synechococcus are numerically dominant
primary producers in the oceans. Each genera consists of multiple physiologically and
genetically distinct groups (termed “ecotypes” in Prochlorococcus). Cyanobacterial viruses
(cyanophages) that infect Synechococcus are abundant (to 10°-10° phage ml™) in the oceans and
calculations suggest that they play a small but significant role in host mortality. Cyanophages are
also thought to shape their host populations through regulation of sub-populations and through
transfer of genes.

Here we describe the isolation of Prochlorococcus cyanophages and the assembly of a
culture collection established using a broadly diverse suite of Prochlorococcus and
Synechococcus hosts. The collection contains three morphological families, Myoviridae,
Podoviridae and Siphoviridae, known to infect marine bacteria and cyanobacteria. Host strains
of similar ecotypes often yielded cyanophages of the same family. Host-range analyses of these
isolates demonstrated varying levels of specificity among the different morphological types,
ranging from infection of a single strain to infection across ecotypes and even across both
cyanobacterial genera. Strain-specific cyanophage titers were low in open ocean waters where
total cyanobacterial abundances were high, suggesting low phage titers might be a feature of open
oceans. Investigations of the underlying cause(s) of this trend require culture-independent assays
for quantifying phage that infect particular hosts. We used the phage g20 gene, which encodes
the portal protein, to examine the diversity of Myoviridae isolates and found that g20 sequences
from our isolates had high similarity to those from other cultured isolates, but not to six
phylogenetic clusters of environmental g20 sequences that lacked cultured representatives.

Three Prochlorococcus cyanophage genomes were sequenced and analysis of these
genomes show striking similarity to the well-studied T7- and T4-like phages, but additionally
suggest that these Prochlorococcus cyanophages are modified for infection of photosynthetic
hosts, that live in nutrient-limited environments. All three cyanophage genomes contain, among
other novel genes of interest, photosynthetic genes that are full-length, conserved, and clustered
in the genome suggesting they are functional during infection. Phylogenetic inference suggests
that some of these genes were horizontally transferred between host and phage influencing the
evolution and ecology of both host and phage.

This thesis was co-supervised by: Sallie W. Chisholm (MIT Professor of Civil and Environmental
Engineering and Biology) and John B. Waterbury (WHOI Professor of Biology)
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CHAPTER 1. INTRODUCTION

The bacterial viruses (phages) contained in the oceans are the most abundant “biological
entities” on the planet (Hendrix et al., 1999). We are interested in understanding the interplay
between marine phages and their hosts and how this interplay affects the physiological
differentiation and evolution of each. In this thesis, we isolated and examined cyanophage whose
hosts are the marine cyanobacteria Prochlorococcus and Synechococcus. These cyanobacteria
are the numerically dominant primary producers (Partensky, Hess, and Vaulot, 1999; Waterbury
et al., 1986) responsible for 32-89% of primary production in the vast surface oligotrophic oceans
thus contributing to carbon fixation on a global scale (Goericke, 1993; Li, 1994; Liu, Campbell,
and Landry, 1995; Liu et al., 1998; Liu and Landry, 1999; Liu, Nolla, and Campbell, 1997;
Veldhuis et al., 1997).

Early culture-based studies using terrestrial microbes as hosts suggested that phages were
rare in the oceans (ZoBell, 1946). It was not until appropriate marine host strains were used that
indigenous marine phages were clearly demonstrated (Spencer, 1955; Spencer, 1960; Spencer,
1963). Later, electron microscopy (EM) of concentrated seawater samples revealed virus-like
particles (VLPs) occurring at concentrations up to 10°® VLPs ml" in aquatic environments (Bergh,
1989; Borsheim, Bratbak, and Heldal, 1990; Bratbak, 1990; Bratbak et al., 1992; Heldal and
Bratbak, 1991; Proctor and Fuhrman, 1990; Sieburth, Johnson, and Hargraves, 1988; Torella and
Morita, 1979). Subsequent field studies using EM and epifluorescence microscopy showed that
VLP abundances were approximately an order of magnitude higher than total prokaryote counts
in seawater — leading to the suggestion that phage may be a significant source of host mortality in
marine systems (Bratbak, 1990; Bratbak, 1993; Cottrell and Suttle, 1991; Moebus, 1987,
Nagasaki, Tarutani, and Yamaguchi, 1999; Proctor and Fuhrman, 1990; Suttle, 1999; Wommack
et al., 1992).

To begin to understand phage-host dynamics and to extrapolate ecological significance,
model marine phage-host systems are critical. Among the few marine microbes that have been
successfully cultured (Fuhrman and Campbell, 1998), Prochlorococcus and Synechococcus are
not only ecologically important genera (Partensky, Hess, and Vaulot, 1999; Waterbury et al.,
1986), but are also unique in having many (80+) strains now in culture. The genetic diversity of
Prochlorococcus and Synechococcus cultured isolates has been well characterized using multiple
molecular markers and all suggest similar phylogenetic topologies (Ferris and Palenik, 1998;

Fuller et al., 2003; Moore, Rocap, and Chisholm, 1998; Rocap et al., 2002; Zeidner et al., 2003).



Among Prochlorococcus, laboratory work with cultured isolates shows that they form at least two
physiologically (Moore and Chisholm, 1999; Moore, Goericke, and Chisholm, 1995; Moore,
Rocap, and Chisholm, 1998) and genetically (Moore, Rocap, and Chisholm, 1998; Rocap et al.,
2002) distinct groups which are termed ecotypes. At this broad ecotype level, ribosomal DNA
genetic differences are reflected in copper sensitivity (Mann et al., 2002), nutrient utilization
(Moore et al., 2002) and genetic composition of the genome (Dufresne et al., 2003; Rocap et al.,
2003). It has been suggested that cyanophage may be partly responsible for this diversity through
the regulation of subpopulations of these cyanobacteria as well as through horizontal gene

transfer (Marston and Sallee, 2003; Suttle and Chan, 1994; Waterbury and Valois, 1993).

Building a diverse cyanophage collection

Because of the breadth of known genetic diversity among these marine cyanobacteria
(Fig. 1), we were interested in developing a cyanophage collection using hosts that represented
the rDNA-based genetic diversity known at the time (Rocap et al., 2002). We note that even in
these well-studied marine cyanobacteria, culture collections may not yet represent their naturally
occurring genetic and physiological diversity (Ahlgren, Hook, and Rocap, 2004; Fuller et al.,
2003; Rocap, McKay, and Ahlgren, 2004), but data from Q-PCR analyses from seasonal
sampling at the Bermuda Atlantic Time Series and Hawaii Ocean Time series suggests we often
come close (E. Zinser, Unpubl. Results).

Synechococcus cyanophage have been isolated using a number of host strains, but
primarily focusing on strain WH7803 (Table 1) (Fuller et al., 1998; Lu, Chen, and Hodson, 2001;
Suttle and Chan, 1993; Waterbury and Valois, 1993; Wilson et al., 1993). Synechococcus
cyanophage isolates belong to the three phage morphological familes (Myoviridae, Podoviridae
and Siphoviridae) that have been identified for freshwater cyanobacteria (Safferman et al., 1983),
marine bacteria (Moebus, 1987; Wichels et al., 1998) and terrestrial bacteria (Bradley, 1967;
Murphy et al., 1995). In this thesis, we created a cyanophage collection by isolating cyanophages
using a diverse group of Prochlorococcus and Synechococcus strains as hosts. We characterized

these isolates using host range, morphology, a family specific gene marker, and genomes.
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Table 1: Details of published cyanophage isolates isolated using strains of marine Synechococcus spp.
M/P/S represent this phage isolate belongs to the family Myoviridae, Podoviridae or Siphoviridae,
respectively. Morphological measurements and location information are included where available.

Cyanophage

Host Strain

Location

M/P/S?

Head
(nm)

Tail (nm)

Reference

S-BM1
S-PM1
S-PM2 (formerly S-PS1)
S-WHM1

S-BM2 Sformerlz S-BSQ

S-BM3
S-BM4
S-BM5
S-BMé6
S-BP1
S-BP2
S-BP3

WH7803
WH7803
WH7803
WH7803
WH7803

WH7803
WH7803
WH7803
WH7803
WH8018
WH8018
WH7803

Bermuda, BBSR
Plymouth Sound (50°18'N, 4°12'W)
Plymouth Sound (50°18'N, 4°12'W)

WHOI

Bermuda, BBSR

Hydrostation S (30°10'N, 64°30'W)
West coast of Bermuda
West coast of Bermuda

Hydrostation S (30°10’N, 64°30'W)
West coast of Bermuda
West coast of Bermuda
West coast of Bermuda

88
88
90
88
90
110
125
125
110
125
75
70

57 x 33
57 x33
165 x 20
108 x 23
165 x 20
230 x 25
190 x 35
190 x 35
200 x 25

Wilson et al. 1993
Wilson et al. 1993
Wilson et al. 1993
Wilson et al. 1993
Wilson et al. 1993

Fuller et al. 1998
Fuller et al. 1998
Fuller et al. 1998
Fuller et al. 1998
Fuller et al. 1998
Fuller et al. 1998
Fuller et al. 1998

S-BnM1
S-RSM1
S-RSM2
S-MM1
S-MM2
S-MM3
S-MM4
S-MM5
S-MM7

WH7803
WH7803
WH7803
WH7803
WH7803
WH7803
WH7803
WH7803
WH7803

Bergen, Norway
Red Sea, Eilat, Israel
Red Sea, Eilat, Israel

Miami, FL
Miami, FL
Miami, FL
Miami, FL
Miami, FL
Miami, FL

Wilson PhD thesis 1994
Wilson PhD thesis 1994
Wilson PhD thesis 1994
Wilson PhD thesis 1994
Wilson PhD thesis 1994
Wilson PhD thesis 1994
Wilson PhD thesis 1994
Wilson PhD thesis 1994
Wilson PhD thesis 1994

S-PWM1
S-PWM2
S-PWM3
S-PWM4
S-BBS1

S-BBP1

S-PWP1

WH7803
WH7803

BBC1
BBC2
SNC1

Suttle & Chan 1993
Suttle & Chan 1993
Suttle & Chan 1993
Suttle & Chan 1993
Suttle & Chan 1993
Suttle & Chan 1993
Suttle & Chan 1993

Syn1

Syn2
Syn5
Syn7
Syn9
Syn10
Syn12
Syn14
Syn16
Syn17
Syn18
Syn19

WH8101
WH8012
WH8109
WH8012
WH8012
WH8017
WH8017
WH8103
WH8018
WH8018
WH8108
WH8109
WH8109
WH8109

WHOI
Sargasso Sea (34°06'N, 61°01'W)
Sargasso Sea (34°06'N, 61°01'W)
WHOI
WHOI
Gulf Stream (36°58'N, 73°42'W)
Gulf Stream (36°58'N, 73°42'W)
Gulf Stream (36°58'N, 73°42'W)
Sargasso Sea (34°06'N, 61°01'W)
Gulf Stream (36°58'N, 73°42'W)
Sargasso Sea (34°06'N, 61°01'W)
Sargasso Sea (34°06'N, 61°01'W)
Gulf Stream (36°58'N, 73°42'W)
Gulf Stream (36°58'N, 73°42'W)

149x19

153x19

145x19
8x10

136x21

Waterbury & Valois 1993
Waterbury & Valois 1993
Waterbury & Valois 1993
Waterbury & Valois 1993
Waterbury & Valois 1993
Waterbury & Valois 1993
Waterbury & Valois 1993
Waterbury & Valois 1993
Waterbury & Valois 1993
Waterbury & Valois 1993
Waterbury & Valois 1993
Waterbury & Valois 1993
Waterbury & Valois 1993
Waterbury & Valois 1993

WH7805
WH7803
WH7805
WH8101
WH8101
WH7803
WH7803
WH7805
WH7803
WH7803
WH7805
WH8007
WH8007
WH7805
WH7805
WH7803

Sapelo Island, GA
Sapelo Island, GA
Dauphin Island, GA
Sapelo Island, GA
Sayll Estuary, Ala
Savannah River Estuary, GA
Qingdao Coast, China
Savannah River Estuary, GA
Satilla River Estuary, GA
Satilla River Estuary, GA
Satilla River Estuary, GA
Altahama River Estuary, GA
Altahama River Estuary, GA
Satilla River Estuary, GA
Altahama River Estuary, GA
Sayll Estuary, Ala.
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Lu, Chen & Hodson 2001
Lu, Chen & Hodson 2001
Lu, Chen & Hodson 2001
Lu, Chen & Hodson 2001
Lu, Chen & Hodson 2001
Lu, Chen & Hodson 2001
Lu, Chen & Hodson 2001
Lu, Chen & Hodson 2001
Lu, Chen & Hodson 2001
Lu, Chen & Hodson 2001
Lu, Chen & Hodson 2001
Lu, Chen & Hodson 2001
Lu, Chen & Hodson 2001
Lu, Chen & Hodson 2001
Lu, Chen & Hodson 2001
Lu, Chen & Hodson 2001




Cyanophage host range and field abundance

As the number of fully-sequenced phage and microbial genomes increases, their analyses
are revealing the importance of horizontal gene transfer (HGT) as an evolutionary force among
prokaryotes and their phages (Hendrix et al., 1999; Ochman, Lawrence, and Groisman, 2000).
Although we know that some phages can move genes between hosts (Jiang and Paul, 1998;
Miller, 2001; Miller et al., 1992; Paul, 1999), and that phages can help shape microbial
population structure (Fuhrman, 1999; Mann, 2003; Suttle and Chan, 1994; Waterbury and Valois,
1993), we are still working to understand the mechanisms and extent to which phages influence
the evolution of their hosts. To begin to understand the basic natural history of the cyanophages
in our collection, we examined the host range of 45 cyanophage isolates using 21
Prochlorococcus and Synechococcus cultured strains (Chapter 2). Do phages isolated using
Prochlorococcus cross-infect other strains of Prochlorococcus? Synechococcus?

Among the broad diversity of phages, there are two well-described classes of phage
infective lifestyles: lytic (discussed first) and temperate (discussed in the following section).
Lytic phages infect their host, use the host cellular processes to build new phage particles, and
then burst the host cell releasing progeny phage. Strain-specific lytic Synechococcus cyanophage
titers measured in mostly coastal marine systems showed these cyanophage are abundant (up to
10*-10° mI™") with the highest Synechococcus cyanophage titers remaining within an order of
magnitude of the total Synechococcus concentrations (Lu, Chen, and Hodson, 2001; Suttle and
Chan, 1994; Waterbury and Valois, 1993). Calculations from such field abundances and other
observations (reviewed in (Mann, 2003)) suggest that, in marine systems, lytic phages can be
responsible for up to 50% of bacterial mortality per day (Fuhrman, 1999) and a small (<3%)
portion of cyanobacterial mortality per day (Mann, 2003; Suttle, 2000; Suttle and Chan, 1994;
Waterbury and Valois, 1993). However, the open ocean systems dominated by Prochlorococcus
(DuRand, Olson, and Chisholm, 2001; Partensky, Hess, and Vaulot, 1999) offer a contrasting
environment to the previous studies of Synechococcus cyanophage.

These oligotrophic regions likely differ from coastal environments in three ways that
could affect assays measuring the phage abundances: the types of dominant cyanobacterial cells
(Ferris and Palenik, 1998), the total diversity of cell populations (Fuhrman, 2000), and nutrient
limitations (Cavender-Bares, Karl, and Chisholm, 2001; Wu et al., 2000). First, culture-based
assays might better represent naturally occurring cells in one environment relative to another,
creating the appearance of cyanophage titers that change along such a transect. Second, if host
cell diversity changes along such a gradient, then phage titers may change accordingly as they are

suggested to decrease where host cell diversity increases (Thingstad, 2000). Finally, decreased
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nutrient availability along the transect (Cavender-Bares, Karl, and Chisholm, 2001) might result
in sub-optimal growth of host cells in the Sargasso Sea (Mann et al., 2002) relative to
Synechococcus at the coastal site along this transect (Waterbury et al., 1986). Viral production is
correlated with host growth rates in chemostats (Bohannan and Lenski, 2000) and in the field
(Steward, Smith, and Azam, 1996), which could result from nutrient limitation causing
physiological changes in the host that stall the lytic process of obligately lytic phage (Stent,
1963), or favour lysogeny in temperate phage (Rohwer et al., 2000; Suttle, 2000; Wilson, Carr,
and Mann, 1996).

Previous work suggests that phosphate, in particular, is the most likely nutrient to
influence phage abundances along such a transect. Mesocosm experiments with Emiliani huxleyi
viruses showed that viral production did not occur under phosphate-deplete conditions (Bratbak,
1993). Synechococcus WH7803 infection by cyanophage S-PM2 under various nutrient stress
conditions showed a significant (80%) reduction in burst size (i.e., phage produced per cell)
occurs in phosphate-deplete (but not nitrate-deplete) conditions relatve to phosphate-replete
conditions (Wilson, Carr, and Mann, 1996). Subsequent work in seawater mesocosms with
natural communities of Synechococcus showed that phosphate additions to phosphate-deplete
enclosures terminated a Synechococcus bloom and was interpreted as a phosphate stimulation of
viral production through the induction of prophage within the cyanobacterial genomes (Wilson
and Mann, 1997). Finally, the phoH gene, which in E. coli is a phosphate-induced gene that
encodes a putative ATPase, is found in the genomes of two phages that infect marine bacterial
hosts (Miller et al., 2003; Rohwer et al., 2000). Together, these observations suggest that
phosphate is important to production of phages in marine systems. We examined strain-specific
cyanophage titers along a coastal-to-open Atlantic Ocean transect (Chapter 2). How do such
Prochlorococcus and Synechococcus phage titers vary along such a transect that includes

gradients in the types of dominant cells, total cell diversity and bioavailable nutrients?

Phage portal protein gene diversity in myoviruses

An understanding of the roles of marine phage (indeed all phage) in their communities
has been hampered by the lack of a universal gene (analogous to the 16S rRNA gene that is used
as the taxonomic marker for all microbes) that could be used to investigate phage genetic
diversity (Paul et al., 2002). For this reason, studying the genetic diversity of both cultured and
wild phages has proven difficult. Recently, the use of family-specific genes has been proposed
for use as taxonomic tools (Rohwer and Edwards, 2002). For the Myoviridae, which are highly

represented among Synechococcus cyanophage isolates (Fuller et al., 1998; Lu, Chen, and
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Hodson, 2001; Suttle and Chan, 1993; Waterbury and Valois, 1993; Wilson et al., 1993), the
family-specific gene commonly used is a gene homologous to the coliphage T4 portal protein
gene, g20 (Fuller et al., 1998; Zhong et al., 2002). Many field studies have now examined
myophage (phage of the morphological family Myoviridae) g20 sequence diversity in a variety of
aquatic environments using DGGE banding patterns (Dorigo, Jacquet, and Humbert, 2004;
Frederickson, Short, and Suttle, 2003; Wilson et al., 1999; Wilson et al., 2000), cloning and
sequencing (Dorigo, Jacquet, and Humbert, 2004; Zhong et al., 2002) and/or culturing and
sequencing (Marston and Sallee, 2003; Zhong et al., 2002). We examined the diversity of g20
sequences from the Myoviridae in this cyanophage collection (Chapter 3). Do the g20 sequences
of new cyanophage isolates represent novel g20 sequence types? Are they genetically
related to g20 sequences from known cyanophage isolates or from unknown environmental
220 sequences? Are existing PCR primer sets adequately capturing the full g20 sequence
diversity? Does g20 diversity correspond to ecologically relevant phage traits?

Searching for prophage in host cyanobacterial genomes

In contrast to lytic phages, temperate phages do not always immediately lyse their hosts,
but instead can temporarily insert their DNA into their host genome as a prophage. The existence
of inducible prophage (prophage that can be ‘induced’ out of the host genome to enter the lytic
phase of the temperate phage life cycle) was first elegantly demonstrated at the single cell level
over half a century ago (Lwoff, 1953). Prophage induction has since been repeatedly
demonstrated in natural microbial isolates and recently identified in most microbial genomes
(reviewed in (Casjens, 2003)). Prophage are so common that they often account for a significant
fraction of the “strain-specific” DNA between closely related microbial strains (Baba et al., 2002;
Simpson et al., 2000; Smoot et al., 2002) and, furthermore, their genes are highly expressed as
seen using genome-wide expression arrays under varying conditions (Smoot et al., 2001;
Whiteley et al., 2001).

Together, these findings emphasize that prophage are not only widespread in prokaryotes,
but also frequently account for strain diversification at both the genome and transcriptome
(expression) levels often altering the host cell’s physiology. However, the genomes of currently
available freshwater cyanobacterial genomes lack intact prophage (Canchaya et al., 2003;
Casjens, 2003) and no direct observation has confirmed the existence of prophage in marine
cyanobacteria. We examined the genome sequences of 3 marine cyanobacteria (Prochlorococcus
strains MED4 and MIT9313 and Synechococcus WH8102) for the presence of intact prophage

(Appendix B). Are there intact prophage genomes within marine cyanobacterial genomes?




If yes, what type of phage do their genomes most resemble? If not, could potential
prophage have been induced during cultivation? Is there any evidence suggesting prophage

ever integrated into these genomes?

Cyanophage genomics

Phage genomes represent the largest unexplored reservoir of sequence information in the
biosphere (Pedulla et al., 2003). Calculations using two independent methods suggest that less
than 0.0002% of this reservoir has been sampled (Rohwer, 2003). First, using the estimated
number of phage types (100 million), an average genome size of 50 ORFs and extrapolation from
the number of phage-encoded ORFs from uncultured genomic DNA sequencing that lack known
function suggests that 2.5 billion phage-encoded ORFs remain to be discovered. Second, using
the non-parametric estimator Chaol to evaluate every phage-encoded ORF compared against
every other, one predicts that 2 billion phage-encoded ORFs remain to be discovered. In fact,
nearly every new phage genome sequenced leads to novel insight into the role phages play in
their host physiology and niche differentiation (Brussow and Hendrix, 2002).

Since the first phage was sequenced over a quarter of a century ago (Sanger et al., 1977),
observations from over 150 phage genomes (primarily pathogen related) have taught us a great
deal. First, our models of phage evolution have changed to reflect the fact that phages are
modular and evolve through the homologous and non-homologous exchange of genes from a
common gene pool (Hendrix, 2002; Hendrix et al., 1999). Second, the genetic sloppiness of
phages, which is compensated by their high numbers of progeny, allows the acquisition of “non-
phage” genes that most often will decrease phage fitness and be lost from the phage population,
but occasionally provides advantage to the phage and/or host and thus will become fixed in the
phage population (Hendrix et al., 2000). These events, though rare, can create entirely new
phage-host evolutionary dynamics even defining new host capabilities, and thus are vital to the
physiology, ecology and evolution of both the phage and its host.

Marine phage genomics is in its fledgling stage, with, at the time of this writing, only a
handful of published genomes (Paul et al., 2002). Currently, there are over 170 phage genomes in
GenBank, but only seven infect marine hosts (cyanophage P60; vibriophages VpV262, KVP40,
VP16T, VP16C; roseophage SIO1; Pseudoalteromonas phage PM2), and only one is a
cyanophage (P60). However, genomic analyses have already provided tantalizing hints that, just
as phages are connected to their host’s ecology in phagen phage-host systems, so too marine
phages appear intimately tied to the ecological setting and physiological state of their host. For

example, phosphate is a commonly limiting nutrient in marine systems (Cavender-Bares, Karl,
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and Chisholm, 2001; Wu et al., 2000) and the discovery of phosphate-inducible genes in
Roseophage SIO1 (Rohwer et al., 2000) and Vibriophage KVP40 (Miller et al., 2003) suggests
that these phages respond to the phosphate status of their hosts and/or environment. Data in this
thesis from analyses of three cyanophage genomes also supports a strong connection between the
phage and their host’s ecology (Chapter 4, 5). Through collaboration with Forest Rohwer (San
Diego State University), David Mead (Lucigen) and the Department of Energy Joint Genome
Institute we sequenced the genomes of three Prochlorococcus cyanophage isolates representing
two viral families (Podoviridae and Myoviridae). Will the gene complements of these
cyanophages isolated from nutrient-limited waters provide insight into properties of these
phages that are unique to the oligotrophic ocean environment of their hosts? Recently, core
photosynthetic genes were discovered in a Synechococcus cyanophage and it was hypothesized
that these genes were expressed enabling photosynthesis to continue during infection (Mann et
al., 2003). Do the gene complements of these Prochlorococcus cyanophage also
photosynthetic genes? Can we use the genetic information in these genomes to infer
whether phage influence the genomes of their hosts? Vice versa?

Comparative phage genomics suggests that dsSDNA phages evolve through the exchange
of genetic material, in the form of modular functional cassettes, through a global phage genome
pool (Hendrix et al., 1999). To explain the observation that phage genomes appear to be mosaics,
containing a large number of fixed, essential genes interspersed with highly variable, non-
essential genes (Desplats and Krisch, 2003; Hendrix et al., 1999; Molineux, in press), it has been
suggested that access to this global phage genome pool must be limited in some manner (Hendrix
et al., 1999). This theory that phage evolve primarily through the horizontal exchange of genes
appears to be applicable to the few phage types (which are predominantly temperate phages, i.e.,
capable of integrating into their host genomes) whose genomes are well represented among the
phage genome databases. These include such phages as the lambdoid phages (capable of
genetically recombining with coliphage lambda) (Hendrix et al., 1999), dairy phages (phages that
infect lactic acid bacteria) (Brussow, 2001) and the mycobacteriophages (phages that infect
mycobacteria) (Pedulla et al., 2003). However, fundamental differences in phage infection
strategies (i.e., temperate phages integrate into host genomes wheras lytic phages do not) may
lead to quantitatively different opportunities for horizontal gene exchange and it remains an open
question whether lytic phage genomes might be less prone to mosaicism (Kovalyova and
Kropinski, 2003). Further, if all phages are extensively horizontally transferring genes, this leads
one to wonder whether significantly new phage types will be discovered as more phage genomes

are sequenced or whether there might be a limited number of phage types are possible. Because
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cyanobacterial phages are underrepresented in the phage genome database (only 1 cyanophage
out of over 170 phage genomes), the Prochlorococcus cyanophage genomes sequenced during
this thesis offer comparison of a phage that infects phylogenetically disparate hosts from those
contained in the database. How do these new Prochlorococcus phage genomes compare to
those already sequenced? Are their genomes organized similarly to well-characterized
phages? What Kinds of inferences can we draw about phage-host interactions from the

presence or absence of ‘non-phage-like’ genes in these phage genomes?
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Cyanophages infecting the oceanic
cyanobacterium Prochlorococcus
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Prochlorococcus is the numerically dominant phototroph in the
tropical and subtropical oceans, accounting for half of the
photosynthetic biomass in some areas'?. Here we report the
isolation of cyanophages that infect Prochlorococcus, and show
that although some are host-strain-specific, others cross-infect
with closely related marine Synechococcus as well as between
high-light- and low-light-adapted Prochlorococcus isolates,
suggesting a mechanism for horizontal gene transfer. High-
light-adapted Prochlorococcus hosts yielded Podoviridae exclu-
sively, which were extremely host-specific, whereas low-light-
adapted Prochlorococcus and all strains of Synechococcus yielded
primarily Myoviridae, which has a broad host range. Finally, both
Prochlorococcus and Synechococcus strain-specific cyanophage
titres were low (<103ml—') in stratified oligotrophic waters
even where total cyanobacterial abundances were high (>10°
cellsml™"). These low titres in areas of high total host cell
abundance seem to be a feature of open ocean ecosystems. We
hypothesize that gradients in cyanobacterial population diver-
sity, growth rates, and/or the incidence of lysogeny underlie these
trends.

Phages are thought to evolve by the exchange of genes drawn from
a common gene pool through differential access imposed by host
range limitations®. Similarly, horizontal gene transfer, important in
microbial evolution®?, can be mediated by phages® and is probably
responsible for many of the differences in the genomes of closely
related microbes®. Recent detailed analyses of molecular phylogenies
constructed for marine Prochlorococcus and Synechococcus™ (Fig. 1)
show that these genera form a single group within the marine
picophytoplankton clade® (>96% identity in 16S ribosomal DNA
sequences), yet display microdiversity in the form of ten well-defined
subgroups®. We have used members of these two groups to study
whether phage isolated on a particular host strain cross-infect other
hosts, and if so, whether the probability of cross-infection is related
to rDNA-based evolutionary distance between the hosts.
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Analyses of host range were conducted (Fig. 1) with 44 cyano-
phages, isolated as previously described' from a variety of water
depths and locations (see Supplementary Information) using 20
different host strains chosen to represent the genetic diversity of
Prochlorococcus and Synechococcus®. Although we did not examine
how these patterns would change if phage were propagated on
different hosts, this would undoubtedly add another layer of
complexity due to host range modifications as a result of methyl-
ation of phage DNA®. Similar to those that infect other marine
bacteria' and Synechococcus'™", our Prochlorococcus cyanophage
isolates fell into three morphological families: Myoviridae, Sipho-
viridae and Podoviridae".

As would be predicted'®", Podoviridae were extremely host
specific with only two cross-infections out of a possible 300
(Fig. 1). Similarly, the two Siphoviridae isolated were specific to
their hosts. In instances of extreme host specificity, in situ host
abundance would need to be high enough to facilitate phage-host
contact. It is noteworthy in this regard that members of the high-
light-adapted Prochlorococcus cluster, which yielded the most host-
specific cyanophage, have high relative abundances in situ'e. The
Myoviridae exhibited much broader host ranges, with 102 cross-
infections out of a possible 539. They not only cross-infected among
and between Prochlorococcus ecotypes but also between Prochloro-
coccus and Synechococcus. Those isolated with Synechococcus host
strains have broader host ranges and are more likely to cross-infect
low-light-adapted than high-light-adapted Prochlorococcus strains.
The low-light-adapted Prochlorococcus are less diverged from Syne-
chococcus than high-light-adapted Prochlorococcus’®, suggesting a
relationship, in this instance, between the probability of cross-
infection and rDNA relatedness of hosts. Finally, we tested the
Myoviridae for cross-infection against marine bacterial isolates
closely related to Pseudoalteromonas, which are known to be broadly
susceptible to diverse bacteriophages (bacterial strains HER1320,
HER1321, HER1327, HER1328)"". None of the Myoviridae cyano-
phages infected these bacteria.

Phage morphotypes isolated were determined, to some degree, by
the host used for isolation (Fig. 1). For example, ten of ten
cyanophages isolated using high-light-adapted Prochlorococcus
strains were Podoviridae. In contrast, all but two cyanophages
isolated on Synechococcus were Myoviridae, a bias that has been
reported by others™, and over half of those isolated on low-light-
adapted Prochlorococcus belonged to this morphotype. We further
substantiated these trends by examining lysates (as opposed to
plaque-purified isolates) from a range of host strains, geographic
locations and depths—of 58 Synechococcus lysates 93% contained
Myoviridae, of 43 low-light-adapted Prochlorococcus lysates 65%
contained Myoviridae, and of 107 high-light-adapted Prochloro-
coccus lysates 98% contained Podoviridae (see Supplementary
Information).

Maximum cyanophage titres, using a variety of Synechococcus
hosts, are usually found to be within an order of magnitude of the
total Synechococcus abundance'®'*'”'*, and can be as high as 10°
phageml™". One study' has shown, for example, that along a
transect in which total Synechococcus abundance decreased from
10° cellsml™" to 250 cellsml™', maximum cyanophage titres
remained at least as high as the total number of Synechococcus.
We wondered whether titres of Prochlorococcus cyanophage in the
Sargasso Sea, where Prochlorococcus cells are abundant (10°
cellsml™"), would be comparable to those measured in coastal
oceans for Synechococcus where total Synechococcus host abundances
are of similar magnitude. We assayed cyanophage titres in a depth
profile in the Sargasso Sea at the end of seasonal stratification using
11 strains of Prochlorococcus (Fig. 2), choosing at least one host
strain from each of the six phylogenetic clusters that span the
rDNA-based genetic diversity of our culture collection®.

Three Prochlorococcus host strains (MIT 9303, MIT 9313 and
S$S§120) yielded low or no cyanophage. Other hosts yielded titres
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that reached a maximum at 70 m (NATL2A-phage) or 100 m
(MIT 9302-, MIT 9515-, MED4-, MIT 9211-, NATL1A-phage)
near the depth of maximum Prochlorococcus abundance (Fig. 2).
All  Prochlorococcus cyanophage titres were low (<350
cyanophage ml™') compared with those reported for Synechococcus
in coastal regions (approximately 10*~10° cyanophage ml™') even
though total host abundances were similar between these regions
(approximately 10° cells ml™")!®*1%18 prochlorococcus cyanophage
titres are comparable to those of Synechococcus from oligotrophic
waters in the Gulf of Mexico—but in that instance the total
Synechococcus abundance was also low (<250 cells ml™')"".
Cyanophage titres were also examined along a surface water
transect from coastal (mesotrophic) to open ocean (oligotrophic)
in the Atlantic Ocean to better understand the relationship between
maximum phage titre and total host abundance along a trophic
gradient. Titres were assayed with 12 strains of Synechococcus and
Prochlorococcus that represented the known rDNA-based genetic
diversity at the time that we began the study® (but see also ref. 19).
We found that Synechococcus cyanophage titres decreased by an
order of magnitude or greater in surface waters between the coastal
and open ocean (Sargasso) sites, whereas total Synechococcus abun-
dance decreased from 3 X 10* to 7 X 10® cellsml™" (Fig. 3). Pro-
chlorococcus hosts did not yield cyanophage in coastal samples
where there are no Prochlorococcus cells, and yielded relatively low
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Figure 1 Host ranges of 44 clonal cyanophages d to marine Py

Synechococcus cultured isolates. The evolutionary relationships between the 21 host
strains are shown in the phylogenetic tree inferred using 165235 rDNA spacer regions®.
For the cyanophages, red indicates Podoviridae, blue indicates Myoviridae and green
indicates Siphoviridae. Filled circles, host strain used to isolate a particular cyanophage;
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titres (0 to 1.5 X 10° phage ml™") at the shelf, slope and Sargasso
stations where total Prochlorococcus abundance was between
4.5 X 10" and 1.4 X 10° cells ml ™. Even though total Prochlorococ-
cus abundance at the Sargasso site was similar to that of Synecho-
coccus at the coastal site (Fig. 3i, j), Prochlorococcus and
Synechococcus cyanophage titres were significantly lower at the
open ocean site (Fig. 3a—h). Moreover, regardless of the host used,
titres never exceeded 3 X 10° cyanophageml™' at any depth
throughout the photic zone even though total Prochlorococcus
abundances exceeded 10° cellsml™" (see Supplementary Infor-
mation). Thus it seems that cyanophage titres at the end of summer
stratification are relatively low in open ocean ecosystems, where the
total possible host cell abundances are relatively high. Low titres lead
to reduced contact rates and lowered mortality rates®,

Although it is difficult to draw definitive conclusions about
causality from such trends because of the complexity of the
phage-host interaction, there are some factors that might be
implicated. If, for example, host strain microdiversity increased
along the transect and cross-infection ability did not increase
concurrently, this would lead to lower phage titres yielded by a
suite of host strains™. Indeed, we know that the relative abundance
of Synechococcus ecotypes changes from coastal to oligotrophic
waters'. However, we observed a systematic decrease in cyanophage
titres for all five Synechococcus hosts (note WH 8020 yielded no

000®©)-0-0----0ee
- s s ceaa---.-.000

0000 -0---9000¢

000(©)-00Ce#2000-00

open circles, cross-infection of cyanophage with another host; dash, no infection (that is,
lysis). Symbols in parentheses indicate that the results do not match earlier studies’®'
with these phage and hosts (see Methods for details). HL Pros, high-light-adapted
Prochlorococcus; LL Pros, low-light-adapted Prochlorococcus; Marine Syns, marine
Synechococcus.
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plaques) at the extremes of this transect (the coastal and Sargasso
sites; Fig. 3a—e). If changing host abundance alone explained the
change in titres, and if our suite of host strains is representative of
natural diversity, then one might expect at lcast one host strain to
yield increasing titres along the gradient (for example, for the ‘open
ocean strain’ WH 8102); however, this was not observed.

Another possible explanation for decreasing phage titres as one
goes from coastal to open ocean ecosystems is decreased nutrient
availability along the transect®' resulting in suboptimal growth of
host cells in the Sargasso Sea™ relative to Synechococcus at the coastal
site™. Viral production is correlated with host growth rates in
chemostats® and in the field*, which could result from nutrient
limitation causing physiological changes in the host that stall the
lytic process of obligately lytic phage®, or favour lysogeny in
temperate phage'***’. Although temperate phage have not been
identified for marine Prochlorococcus or Synechococcus, INT family
site-specific recombinases exist in the genomes of Prochlorococcus
MED4 and MIT 9313, and Synechococcus WH 8102 (http://
www.jgi.doe.gov/JGI_microbial/html/index.html), suggesting that
prophages were once integrated into these host genomes™-*

The phage-host system described here should continue to be a
useful framework for advancing our understanding of the ecology
and evolution of phage-host interactions in marine ecosystems. We
have known for some time that cyanophages must have a role in
maintaining genetic diversity among hosts'®". The broad host
ranges reported here indicate further their potential for mediating
horizontal gene transfer, which may help explain the extensive
microdiversity®™'*?*?” scen in these two groups of marine cyanobac-
teria. The extent to which this potential is realized should become
clear as more and more host and phage genomes are sequenced. Of
significance also is the coupling between phage morphology and
host type. Experiments designed to characterize phage resistance
across variable hosts and phages (for example, identification of
receptors and restriction and modification systems) should eluci-
date the underlying mechanisms responsible for these patterns.
Finally, our analyses of cyanophage titres along a coastal-open
ocean transect suggest that the underlying processes responsible for
the production of free cyanophage differ along trophic gradients in
the oceans. To fully explain these observations will require the
development of approaches that allow one to determine which
phage can infect which host(s) in a given community, and an
understanding of the relative roles of lytic and lysogenic phases of
the viral life cycle in aquatic systems.

Methods
Sample collection

Water samples for cy hage titres, cy hage isolations and b ial
abundances were collected at the Bermuda Allann: Time Series Station on 26 September
1999 and at four sites along a transect from Woods Hole to the Western Sargasso Sea on 5,
16, 17 and 22 September 2001 (see Suppl y Infor ). Water for cyanop
isolations was ﬁhered (0.4 um, Poretics number 13028 in 1999; 0.2 wm, Osmonics number
K02CP04700 in 2001) and stored at 4 °C in the dark in acid-washed polycarbonate (1999}
or glass (2001) bottles until analysis (up to 15 months later). Cyanophage titres remain
stable for at least one year”. Control experiments showed that titres were stable over a
15-month period (see Supplementary Information).

Culturing conditions
Prochl and Sy strains were maintained in ‘75% Pro99" medium, a
modification of the ‘Pro2’ medium™ with a 75% seawater hase and the following final
concentrations of N and P: 800 uM NH.CI 50 uM NaH,PQ,. Cultures were grown at
19-21°C under constant light 812 gEm 5™ for low-light-adapted Prochlorococcus and

Synechococcus; 35-45pEm ?s * for high-light-adapted Prochlorococcus.

ik

Cyanophage isolations

Prochlorococcus cyanophage isolations were done initially using an axenic strain of
Prochlorococcus (MED4ax; M. Saito and J.B.W., unpublished observations). Exponentially
growing cells were transferred to fresh medium (1 ml:20 ml) and inoculated with 1 ml of
0.4-pum-filtered sea water. The time course of fl ¢ (chlorophyll bi ) of
these cultures was then followed with a Turner Designs 10-AU fluorometer. Cultures
showing reduced fl relative to Is were filtered and examined for phage
particles as previously described'™"*. Lysates were stored at 4 °C in the dark. Sub

isolations using 19 additional host strains were done using the same procedures scaled
down to small volumes. Cyanophage isolates used in this study were plaque-purified twice
before use, classified using morphology described by the ICTV'", and named according to
suggestions made for cyanophage'*.

Cyanophage host range
Host range analyses were conducted over a period of about 2 yr. Each interaction between
acyanophage and its p | host cell was p d with exp ially growing cells in
triplicate on at least two different occasions. Marine bacterial strains were purchased from
the Felix d’Herelle Reference Center for Bacterial Viruses (contact H. Ackermann). Several
of the Synechococcus cyanophage used in this study (‘Syn’ phages; $-PM2 and S-WHM1)
had been previously examined for host range cross-infectivity'™"’ and were maintained as
Iysates at 4 °C in the dark while host cyanobacterial cultures were serially transferred in late
P 1al and early y phase. A total of 103 of 108 cross-infections using these
stored cyanophages yielded similar host range results in this study (Fig. 1). Of the
differences observed, four of five were for one cyanophage isolate (Syn10), suggesting that
it might have evolved an extended host range mutation. Host range can be altered through
DNA modifications that can occur during propagation of a phage on an alternative host.
Overall, these results suggest lha( mnophage msccpubdlty of these host strains and the
cross-infectivity of the phag ively stable throughout the 10 or more
years of storage and culture maintenance.

Host cell and cyanophage quantification

Host cell abund was d using a modified Becton-Dicki FACScan flow
cytometer’. Cyanophage titres were quantified using most probable number (MPN ) assays
(1999) or plaque assay (2001). MPN assays were monitored for lysis relative to controls for
2-3 weeks depending on the host strain used. For the plaque assays, we plated the host
strain in soft agarose (0.4% final concentration; GIBCO BRL, Life Technologies number
5517-014) along with the phage being titred; lawns of cells appeared 8-28 days after
inoculation, depending on the strain (M. Saito, M.B.S. and ].B.W., unpublished data).
Plaques were counted daily until they no longer appeared (3-14 days after the first
plaques). Titres measured using both assays were not significantly different (r-test
assuming equal variances, & = 0.10).

Host dependency of measured titres

To see whether our standard suite of host cells used in our assays was giving us a
representative picture of the phage titre ot le in a given sample, we used
every cultured isolate of Prochl in our collection with a unique ITS rDNA
sequence (23 isolates) to assay the cyanophage titre of a 50-m water sample from the Red
Sea. The range of titres vielded was representative of the range we measured using our
subset of Prochlorococcus isolates (see Supplementary Information).
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Low-light-adapted Prochlorococcus
species possess specific antennae
for each photosystem
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Prochlorococcus, the most abundant genus of photosynthetic
organisms', owes its remarkably large depth distribution in the
oceans to the occurrence of distinct genotypes adapted to cither
low- or high-light niches™*. The pcb genes, encoding the major
chlorophyll-binding, light-harvesting antenna proteins in this
genus®, are present in multiple copies in low-light strains but as a
single copy in high-light strains’. The basis of this differen-
tiation, however, has remained obscure. Here we show that the
moderate low-light-adapted strain Prochlorococcus sp. MIT 9313
has one iron-stress-induced pcbh gene encoding an antenna
protein serving photosystem I (PSI)—comparable to isiA genes
from cyanobacteria®’—and a constitutively expressed pcb gene
encoding a photosystem II (PSII) antenna protein. By compari-
son, the very low-light-adapted strain $5120 has seven pcb genes
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encoding constitutive PSI and PSII antennae, plus one PSI iron- |
regulated pcb gene, whereas the high-light-adapted strain MED4
has only a constitutive PSII antenna. Thus, it seems that the
adaptation of Prochlorococcus to low light environments has
triggered a multiplication and specialization of Pcb proteins
comparable to that found for Cab proteins in plants and green
algae®. ‘
In order to gain a better understanding of the origin, function |
and localization of the divinyl-chlorophyll a/b-binding antenna |
complexes of Prochlorococcus species and how these properties relate
to the light niche to which different strains are adapted, we have |
undertaken gene expression and structural studies on the moderate
low-light-adapted strain MIT 9313 for which the full genome
sequence is available (http://www.jgi.doe.gov/]GI_microbial/html/).
This strain contains two pcb genes: pcbA (PMT 1046) and pcbB
(PMT 0496). This contrasts with the very low-light-adapted strain
S$S120 that contains eight pcb genes (pcbA to pcbH)—analysis of its
genome sequence (http://www.sb-roscoff.fr/Phyto/ProSS$120/)
revealed the presence of one more pcb gene (pcbH) than previously
thought®—and the high-light-adapted strain MED4, which has only
a single pcb gene (pcbA)*.

Recently it was shown by electron microscopy and single-particle
analyses that $§120 contains a giant supercomplex consisting of the
PSI reaction centre trimer surrounded by a light-harvesting antenna
ring composed of 18 Pcb subunits®, similar to the 18-mer IsiA-PSI
supercomplex induced in cyanobacteria when deprived of iron®’.
However studies on MIT 9313 grown under similar conditions to
SS120 did not reveal the presence of an 18-mer Pcb-PSI super-
complex but only ‘naked’ trimeric PSI complexes, which matched
with the cyanobacterial X-ray structure'® (Fig. la, b). Instead,
electron microscopy (Figs 1c, d and 2a) indicated that Pcb proteins
associate with the dimeric reaction centre complex of PSII to form a
Pcb-PSII supercomplex having dimensions of approximately
210 X 290 A. Our interpretation is that this Pcb—PSII supercomplex
consists of eight Pcb subunits with four distributed on each side of
the PSII dimer as shown in Fig. 1c. This is emphasized by overlaying
onto the projection map the published X-ray-derived models of the
PSII reaction centre dimer and CP43, a PSII antenna protein
structurally similar to Pcb™'' (Fig. 1d). In some cases, the four
Pcb subunits on one side of the dimer were missing (Fig. le, f). The
‘naked’ PSI trimers and Pcb-PSIl complexes shown in Fig. 1 were
located in a chlorophyll-containing band (band 2 in Fig. 2b, insert
+Fe) obtained by sucrose density centrifugation after solubilizing
isolated thylakoid membranes with the detergent B-p-dodecyl
maltoside. Also contained in this band were some PSII reaction |
centre dimers free of Pcb proteins (Fig. 1g, h). Analysis of all |
discernible particles, taken from band 2 sample micrographs, |
resulted in 1,192 particles assigned to PSI and PSII, and gave a |
PSI:PSII ratio of about 2. We assume this to be indicative of the ratio
in the intact thylakoid membrane given that most PSI and PSII |
particles were in band 2. Amino-terminal sequencing of the Pcb
protein in band 2 from +Fe conditions showed it to be the product
of the pcbA gene only, a result which was also found for the free-Pcb
proteins in band 1 and for Pcb protein in thylakoid membranes |
(Fig. 3). ‘

The absence of the PcbB protein and the 18-mer Pcb-PSI super-
complex in iron-replete MIT 9313 cells spurred us to investigate the
expression of pcbA and pcbB genes in this strain. When the cells were |
grown in medium supplemented with iron (+Fe), we found that |
only the pcbA gene was expressed (Table 1). However, when cells
were transferred to culture medium without added iron (—Fe), |
expression of the pcbB gene was activated, a surprising result as pcb |
genes of Prochlorococcus were not known to be regulated by iron as is
the iron-stress-induced isiB gene (Table 1). The latter gene encodes |
flavodoxin'?, which substitutes for ferredoxin as an electron accep-
tor to PSI, and its expression indicates that the cells had acclimatized
to conditions of iron depletion. On the other hand, the expression of |
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Supplementary Table 1: Detailed information about the Prochlorococcus and Synechococcus
cyanophage isolates used in the host-range analyses in this study. TEM Morphology designations as
follows: “P" = Podoviridae, “M” = Myoviridae, “S" = Siphoviridae, “+" indicates positive stained particles.
Morphometric data for cyanophage are approximated where possible from negatively stained (except
where indicated by ‘+') images without internal standards, “n.a.” suggests no tail was observed.
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-SSP1 BATS 31°48'N, 64°16'W 100 6June2000 P+ 45+ n.a. This study
-RSP1 Red Sea 29°28'N, 34°53'E 0 15 July 2000 P 55 6x10 This study
-RSP2 Red Sea 29°28'N, 34°53'E 0 15 July 2000 P+ 40+ na. This study
-SSP2 BATS 31°48'N, 64°16'W 120 29Sep 1999 P+ 40+ na. This study
-SSP3 BATS 31°48'N, 64°16'W 100 29 Sep 1999 P 50 n.a. This study
-SSP4 BATS 31°48'N, 64°16'W 70 26Sep 1999 P 50 n.a. This study
-SSP5 BATS 31°48'N, 64°16'W 120 29Sep1999 P 55 6x10 This study
-SSP6 BATS 31°48'N, 64°16'W 100 26Sep1999 P 55 n.a. This study
-SSP7 BATS 31°48'N, 64°16'W 100 26 Sep 1999 P 50 na. This study
-GSP1 Gulf Stream 38°21'N, 66°49'W 40 6 Oct 1999 P 45 na. This study
-SSP8 BATS 31°48'N, 64°16'W 100 26Sep 1999 P+ 50 n.a. This study
-RSP3 Red Sea 29°28'N, 34°55'E 50 13Sep 2000 P+ 50 n.a. This study
-SP1 Slope 37°40'N, 73°30'W 83 17 Sep 2001 P 60 8x12 This study
yn-12 Gulf Stream 36°58'N, 73°42'W 0 Dec 1990 P 45 8x10 Waterbury & Valois 19
yn-5 Sargasso Sea 34°06'N, 61°01'W 0 July 1990 P Waterbuz & Valois 19
-SSM1 BATS 31°48'N, 64°16'W 100  6June 2000 M+ 60+ 160 x 20 This study
-RSM1 Red Sea 29°28'N, 34°53'E 0 15July2000 M 80 110x27 This study
-ShM1 Shelf 39°60'N, 71°48'W 40 16 Sep 2001 M 75 120x 18 This study
-ShM2 Shelf 39°60'N, 71°48'W 0 16 Sep 2001 M+ This study
-SSM2 BATS 31°48'N, 64°16'W 100 6 June 2000 M 85 110x25 This study
-SSM3 BATS 31°48'N, 64°16'W 100 6 June 2000 M 95 105 x25 This study
-SSM4 BATS 31°48'N, 64°16'W 10 6 June 2000 M. 80 160 x 20 This study
-SSM5 BATS 31°48'N, 64°16'W 15 26 Sep 1999 M+ 60+ 20 x 80+ This study
-SSM6 BATS 31°48'N, 64°16'W 40 29 Sep 1999 M 90 150 x 28 This study
-RSM2 Red Sea 29°28'N, 34°55'E 50 13Sep2000 M 75 170x 23 This study
-RSM3 Red Sea 29°28'N, 34°55'E 50 13Sep2000 M 80 175x23 This study
-SM1 Slope 37°40'N, 73°30'W 0 17 Sep 2001 M 90 80+ x 25 This study
-ShMm1 Shelf 39°60'N, 71°48'W 0 16 Sep 2001 M 80 120x 25 This study
-SSM1 Sargasso Sea 34°24'N, 72°03'W 70 22 Sep 2001 M 95 150 x 25 This study
yn-2 Sargasso Sea 34°06'N, 61°01'W 0 July 1990 M 66 149 x 17  Waterbury & Valois 19
yn-9 Woods Hole 41°31'N, 71°40'W 0 Oct 1990 M 87 153x19  Waterbury & Valois 19
yn-19 Sargasso Sea 34°06'N, 61°01'W 0 July 1990 M Waterbury & Valois 19
yn-10 Gulf Stream 36°58'N, 73°42'W 0 Dec 1990 M 100 145x 19 Waterbury & Valois 19
yn-26 NE Providence Channel 25°53'N, 77°34'W 0 Jan 1992 M Waterbury & Valois 19
yn-30 NE Providence Channel 25°53'N, 77°34'W 0 Jan 1992 M Waterbury & Valois 19
yn-33 Gulf Stream 25°51'N, 79°26'W 0 Jan 1995 M Waterbury & Valois 19
-PM2 English Channel 50°18'N, 4°12'W 0 23Sep1992 M 920 165 x 20 Wilson et al. 1993
“WHM1 Woods Hole 41°31'N, 71°40'W 0 11 Aug 1992 M 88 108 x 23 Wilson et al. 1993
yn-1 Woods Hole 41°31'N, 71°40'W 0 August 1990 M Waterbury & Valois 19
-ShM2 Shelf 39°60'N, 71°48'W 0 16 Sep 2001 M+ 70+ 100 x 30 This study
-SSM2 Sargasso 34°24'N, 72°03'W 0 22 Sep 2001 M 80 225 x 22 This study
yn-14 Gulf Stream 36°58'N, 73°42'W 0 Dec 1990 M 93 136 x 21 Waterbum & Valois 19
881 Slope 37°40'N, 73°30'W 60 17Sep2001 S+ 45+x90 280x 15 This study
-882 Slope 37°40'N, 73°30'W 83 17 Sep 2001 S 50x100 260x 12 This study
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Supplementary Figure 1: Proportion of Prochlorococcus and Synechococcus cyanobacterial lysates with
a given cyanophage morphology. Data represent presence or absence of a given morphology in each
lysate and do not include observations of doubly plaque purified cyanophage isolates used in the host
range analyses. The following number of observations were made for each category from the lysates: HL
Prochlorococcus = 107, LL Prochlorococcus = 43, Synechococcus = 58.
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Supplementary Figure 2: Cyanophage titers, measured using Prochlorococcus and Synechococcus hosts

strains, as a function of depth in the oligotrophic western Sargasso Sea (34°24'N, 72°03'W) on 22 Sept.
2001. (a) titers measured using Prochlorococcus hosts, (b) titers measured using Synechococcus hosts,
(c) total Prochlorococcus and S1ynechococcus cell abundances (Prochlorococcus cells x 10 mI™ and
Synechococcus cells x 10° mI") and Sigma-T (o,— a proxy for water density used to measure the depth
of the mixed layer). Titers were msigniﬂcant for host strains Prochlorococcus MIT9312, MIT9211,
MIT9313, SS120 and Synechococcus WH6501, WH8018, WH8101. Error bars represent the standard
deviation of assays.
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Supplementary Figure 3: Water collected from Dyer’s Dock, Woods Hole, MA on 3 Oct 2000 was
immediately sub-sampled to prepare three separate filtrates to test the effects of long term storage on
cyanophage titers using our storage methods. Cyanophage titers were measured using Synechococcus
WH8012 in a MPN assay periodically (3 Oct 2000, 10 Oct 2000, 24 Oct 2000, 28 Nov 2000, 22 Jan 2001,
28 Dec 2001) over the course of 15 months. Data presented are the average and standard deviation of

triplicate MPN assays from each sub-sample.
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Supplementary Figure 4: Every isolate in the MIT Prochlorococcus culture collection with a unique ITS
rDNA sequence was used in plaque assays to determine the strain-specific cyanophage titer from a water
sample taken from 50 m depth in the Red Sea on 13 Sep 2000. These data were used to explore, for this
one sample only, whether or not the strains we were using to assay phage titers throughout our studies
(white bars) were yielding results that might be deemed “typical” with respect to the rest of the host cells
in our collection (dark bars). The results show that none of the other host strains yield significantly higher
titers than those used in this study. Data shown are average and standard deviation of triplicate plaque

assays.
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Prochlorococcus and Synechococcus myophage isolates
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MIT / Woods Hole Oceanographic Institution Joint Program in Biological Oceanography, MIT,
48-424, Cambridge, Massachusetts 02139'; Massachusetts Institute of Technology, Department
of Biology, Cambridge, Massachusetts 02139%; Woods Hole Oceanographic Institution,
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The marine cyanobacteria Prochlorococcus and Synechococcus are the numerically
dominant primary producers in the oceans, are globally distributed and are known to be
infected by three morphologies of viruses (phage). The diversity of one of these families of
phage, the myophage (phage of the Myoviridae morphology), has been assessed in both
natural phage communities and cultured Syrnechococcus myophage isolates, using the g20
gene, a homolog to the gene encoding the T4 portal protein. These studies showed that
environmental g20 sequences formed 9 distinct phylogenetic clusters, only 3 of which are:
represented in cultured myophage isolates. The recently assembled MIT phage collection
includes a diverse selection of myophage, isolated using a broad range of cyanobacterial
host strains (5 Prochlorococcus and 8 Synechococcus strains) from numerous sites in the
Atlantic Ocean and the Gulf of Agaba. We amplified and sequenced g20 fragments from
this collection to see whether phage isolated on Prochlorococcus hosts differed from these
published g20 sequences. We found that the g20 sequences from our collection clustered
with the same three g20 clades represented by other myophage isolates. We suggest the six
environmental g20 clades with no cultured representatives are likely to be from myophages
that infect as yet uncultured hosts. Finally, the lack of obvious relationships between g20
diversity and a variety of factors associated with the phage isolates suggests the need for
new taxonomic markers that allow the tracking of ecologically discrete groups of phage,

such as phage that infect particular hosts.
The discovery that virus-like particles occur at high abundances (to 10® mI™) in the

oceans (Bergh, 1989; Bratbak et al., 1990; Proctor and Fuhrman, 1990), has prompted efforts to

elucidate the roles of viruses in these systems. To this end, there has been extensive work on the
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phage-host system of the marine cyanobacteria Prochlorococcus and Synechococcus, which are
globally important primary producers in the oceans (Waterbury et al., 1986; Partensky et al.,
1999). Their phages are abundant (Waterbury and Valois, 1993; Suttle and Chan, 1994; Suttle,
2000; Lu et al., 2001; Frederickson et al., 2003; Marston and Sallee, 2003; Sullivan et al., 2003),
are small but significant contributors to host mortality (Waterbury and Valois, 1993; Suttle and
Chan, 1994; Suttle, 2000), and are thought to play a role in maintaining the extensive
microdiversity of the marine cyanobacteria (Waterbury and Valois, 1993; Suttle and Chan, 1994;
Marston and Sallee, 2003; Sullivan et al., 2003).

Studying the diversity of phages has proven difficult because no universal gene,
analogous to the 16S rRNA gene that is used as the taxonomic marker for all microbes, exists
throughout all phage families (Paul et al., 2002). Thus, family-specific genes have recently been
proposed for use as taxonomic tools (Rohwer and Edwards, 2002). For the Myoviridae, which
are highly represented among Synechococcus cyanophage isolates (Suttle and Chan, 1993;
Waterbury and Valois, 1993; Wilson et al., 1993; Sullivan et al., 2003), a fragment of the gene
homologous to the coliphage T4 portal protein gene, g20, has been used for this purpose (Fuller et
al., 1998; Zhong et al., 2002). The g20 homologue was initially chosen as a diversity indicator

because hybridization studies of Synechococcus cyanomyophage DNA suggested this region was

conserved across 8 phage isolates (Fuller et al., 1998). Subsequent study showed that the g20

homologue is part of a structural cassette (g18, g19, g20, g21, g22, g23) which is highly
conserved among Myoviridae from hosts as divergent as proteobacteria and cyanobacteria
(Hambly et al., 2001). The evolution of g20 is so constrained because its protein product (gp20)
initiates capsid assembly in T4, a process involving geometric precision (Coombs and Eiserling,
1977; Hsiao and Black, 1978; van Driel and Couture, 1978) through the formation of a proximal
vertex (van Driel and Couture, 1978) used for DNA packaging (Hsiao and Black, 1978) and
binding the capsid to the tail junction (Coombs and Eiserling, 1977).

The high degree of conservation in the g20 gene has allowed the design of PCR primers
to amplify g20 fragments from a range of myophage, facilitating diversity studies of as-yet
uncultured naturally occurring myophage (Zhong et al., 2002). Myophage g20 diversity has been
measured in a variety of aquatic environments, and offers a first glimpse at the diversity of these
phage. Studies using non-degenerate PCR primers and evaluation of the amplicons using
denaturing gradient gel electrophoresis (DGGE) banding patterns and terminal-restriction

fragment length polymorphism (T-RFLP) have revealed variability in g20 diversity across space




and time. Along a transect from the Falkland Islands to the United Kingdom, 2-12 g20 DGGE
bands were observed in one liter water samples (Wilson et al., 1999, 2000). A similar range in
diversity was observed throughout a depth profile in waters off British Columbia (Frederickson et
al., 2003) and a seasonal cycle in a freshwater lake in France (Dorigo et al., 2004) and in the
estuarine waters of the Chesapeake Bay (Wang and Chen, 2004). These studies concluded that
220 diversity was as great within a sample as between oceans (Wilson et al., 1999), that phage
220 diversity increased as Synechococcus abundance increased (Wilson et al., 1999, 2000;
Frederickson et al., 2003; Wang and Chen, 2004) and that some g20 types were ubiquitous
(Wilson et al., 1999, 2000; Frederickson et al., 2003; Dorigo et al., 2004).

Cloning and sequencing of g20 PCR amplicons has allowed phylogenetic analyses of
myophage diversity along a coastal-to-open Atlantic Ocean transect (Zhong et al., 2002) and over
a 3-year period in coastal waters off Rhode Island (Marston and Sallee, 2003). Again, there was
high variability in g20 diversity among sites, with between thirteen and twenty-nine different g20
sequences obtained at different sites along the transect (Zhong et al., 2002). While these authors
conclude that there was some correlation between ocean habitat and g20 phylogenty (e.g.,
phylogenetic cluster II represents “oceanic’ g20 sequences), further sampling suggested this was
not the case, as seven g20 sequences from coastal Synechococcus myophage isolated from Rhode
Island waters clustered with the putative “oceanic” sequences (Marston and Sallee, 2003). Clone
libraries from the deep chlorophyll maximum had a higher diversity of g20 sequences than those
from surface water samples in both the Gulf Stream and the Sargasso Sea (Zhong et al., 2002).
Finally, g20 sequences observed in these field studies are not all represented in cultured isolates.
The sequencing of 207 clones amplified from samples along the Atlantic Ocean transect revealed
114 unique g20 sequences (Zhong et al., 2002), which grouped into 9 phylogenetic clusters — only
3 of which had cultured respresentatives (Zhong et al., 2002). Subsequent culturing of phage
isolated from Rhode Island coastal waters using Synechococcus hosts led to isolates whose g20
sequences also grouped with the 3 previous isolate-containing clusters (Marston and Sallee,
2003). Thus, 6 of the 9 environmental myophage g20 clusters lack cultured isolates.

The MIT phage collection (Sullivan et al., 2003) consists of phage isolated from seawater
samples collected from various depths in the euphotic zone throughout the Atlantic Ocean and the
Gulf of Agaba. The phage were isolated using strains of Prochlorococcus and Synechococcus
that represented the known genetic diversity of these host cells at the time this study began

(Rocap et al., 2002) but see ref. (Fuller et al., 2003). Because the cultured myophagé used in
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previous g20 diversity studies were isolated using only Synechococcus strains, we wondered
whether analysis of our collection would expand the database of g20 sequences for phage
isolates, and possibly help explain the broad diversity observed in the field. However, as we
report below, we found that g20 sequences from our isolates cluster only with the existing g20
sequences for cultured phage, and do not help identify the sequences from field samples for

which there are no cultured counterparts.

MATERIALS AND METHODS
Myophage isolates. 45 cyanobacterial myophage were isolated (Table 1) as described previously
(Waterbury and Valois, 1993; Wilson et al., 1993; Marston and Sallee, 2003; Sullivan et al.,
2003). S-PM2 and S-WHM1 were provided by W. Wilson and all S-RIM phages were provided
by M. Marston. The specificity of cyanomyophage g20 primers was tested using five marine
Pseudoalteromonas spp. bacteriophage (HER320, HER321, HER322, HER327, HER328;
(Wichels et al., 1998) that were purchased from the Felix d’Herelle Reference Center for
Bacterial Viruses (contact H. Ackermann) as well as 7 heterotrophic bacteriophage (IH6-¢1, IH6-
67, IH11-¢2, IH11-65, CB8-¢2, CB8-0p6, CB-08; (Zhong et al., 2002) kindly provided by F.
Chen.

Testing of published primer sets: The published (Wilson et al., 1999; Zhong et al., 2002) g20
primer sets (CPS4/CPS5 used in DGGE studies, and CPS1/CPS8 used in sequencing studies)
were designed without sequence information from Prochlorococcus myophage. We found that
CPS4/CPS5 only amplified g20 sequences from 80% of these new Prochlorococcus and
Synechococcus myophage in our collection, while CPS1/CPS8 only amplified g20 sequences
from 44% of these isolates (Table 1). While the CPS4GC/CPSS5 primer set amplifies g20 from
most of our myophage isolates, the PCR product is too small (~165 bp) for subsequent
phylogenetic analyses. In contrast, the CPS1/CPS8 primer set amplifies a larger PCR product,
but from fewer isolates (25 of 45; Table 1).

To obtain g20 PCR amplicons from myophage that would not amplify using published
primers, we added degeneracies to both CPS1 and CPS8, and shifted the CPS8 primer based upon
genomic sequence data obtained for two of the Prochlorococcus myophage isolates (P-SSM2, P-
SSM4; http://www.jgi.gov/JGI_microbial/html/index.html). CPSI1.1 5°-
GTAGWATWTTYTAYATTGAYGTWGG-3’ and CPS8.1 5°-

37



ARTAYTTDCCDAYRWAWGGWTC-3". This redesigned primer set (CPS1.1/CPS8.1)
produced the expected size of PCR amplicons (~594 bp) from all 45 cyanomyophage isolates
(Table 1) and when sequenced these amplicons proved to be from g20 homologues (Figure 1).
Despite their degeneracy, the redesigned CPS1.1/CPS8.1 primer set was able to specifically
amplify g20 sequences from all of our cyanobacterial myophage isolates as shown in specificity
testing (Table 1) of the primers against 7 heterotrophic marine bacteriophage from Maryland,
USA waters (Zhong et al., 2002), 5 heterotrophic marine bacteriophages from the North Sea
(Wichels et al., 1998), as well as 16 Podoviridae and 2 Siphoviridae that infect Synechococcus
and Prochlorococcus (Sullivan et al., 2003) .

PCR amplification and sequencing. Previous g20 PCR primer sets (non-degenerate
CPS4GC/CPS5 (Wilson et al., 1999) and degenerate CPS1/CPS8 (Fuller et al., 1998; Zhong et
al., 2002) were designed to amplify ~200bp and ~592 bp fragments, respectively, of the T4 g20
homologue in myophage.

PCR reactions for CPS4GC/CPS5 and CPS1/CPS8 were conducted as described
previously (Wilson et al., 1999; Zhong et al., 2002). Briefly, 2 ul of cyanophage lysate was
added as DNA template to a PCR reaction mixture (total volume 50 pl) containing the following:
20 pmol each of a forward and reverse primer, 1x PCR buffer (50mM Tris-HCI, 100 mM NaCl,
1.5 mM MgCl,), 250 uM of each dNTP, and 0.75 U of Expand High Fidelity DNA polymerase
(Roche, Indianapolis, IN). PCR amplification was carried out with a PTC-100 DNA Engine
Thermocycler (MJ Research, San Francisco, CA). Optimized thermal cycling conditions varied
slightly from those reported as follows: CPS4GC/CPSS required an initial denaturation step of
94°C for 3 minutes, followed by 35 cycles of denaturation at 94°C for 1 minute, annealing at
50°C for 1 min, ramping at 0.3°C/s, and elongation at 73°C for 1 minute with a final elongation
step at 73°C for 4 minutes, whereas both primer sets CPS1/CPS8 and CPS1.1/CPS8.1 required an
initial denaturation step of 94°C for 3 minutes, followed by 35 cycles of denaturation at 94°C for
15s, annealing at 35°C for 1 min, ramping at 0.3°C/s, and elongation at 73°C for 1 minute with a
final elongation step at 73°C for 4 minutes. Systematic PCR screening using various primer sets
was conducted using the same PCR reaction conditions and amplification protocol, but replacing
the High Fidelity DNA polymerase with the less expensive Taq DNA polymerase (Invitrogen,

Carlsbad, CA) and only using 20 ul reactions since replicate (range 3-8) PCR reactions were
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pooled before sequencing to decrease PCR bias (Polz and Cavanaugh, 1998). In all cases, a 5-10
ul aliquot of PCR product was analyzed in a 1.5% TAE gel stained with EtBr. The gel image was
captured and analyzed with an Eagle Eye II gel documentation system (Stratagene, La Jolla, CA).
For purification and sequencing, replicate PCR reactions were combined, run out on a 1.5% TAE
gel and purified using the QLTAGEN QIAquick gel extraction kit (Qiagen, Valencia, CA). The
purified PCR products were sequenced directly on both strands using the degenerate PCR primers
used to obtain the product (CPS1, CPS8, CPS1.1, CPS8.1) with best results at primer
concentrations ~10-fold those suggested by the sequencing facility (40 pmol per reaction). To
have greater confidence in negative PCR results, templates that did not produce amplified product
were tested against optimized primer sets multiple times (data not shown).

Where identical g20 sequences were observed in our study, we confirmed the match was
real and not the result of PCR contamination by re-amplifying and sequencing directly from fresh
phage isolates (e.g., for P-SSM4, P-RSM3, S-SSM2, and “Syn” phages Syn2, Syn9, Syn10,
Syn26, Syn30, Syn33, Synl, Syn19) — many of which were obtained from stocks kept at a

separate institution.

Phylogenetic analysis. Paired sequence data were aligned using ClustalW (Thompson et al.,

1997) and corrected manually using the sequence chromatograms. Consensus sequences for each
cyanophage isolate were then translated in-frame into amino acids. Multiple sequence alignments
of translated amino acid consensus sequences were done with ClustalW using the Gonnet protein
weight matrix, a gap opening penalty of 15 and gap extension penalty of 0.30 (although changing
these penalties did not significantly alter the alignments). Phylogenetic reconstruction was done
using PAUP 4.0 (Swofford, 2002) for parsimony and distance trees and Tree-Puzzle 5.0 (Schmidt
et al., 2002) for maximum likelihood trees. Evolutionary distances for neighbor-joining trees
were calculated based on mean character distances, while evolutionary distances for maximum
likelihood trees were calculated using the JTT model of substitution assuming a gamma-
distributed model of rate heterogeneities with 16 gamma-rate categories empirically estimated
from the data. A heuristic search with 10 random addition replicates using the tree-bisection-
reconnection branch swapping algorithm was used for parsimony trees. Bootstrap analysis was
used to estimate node reproducibility and tree topology for neighbor-joining (1,000 replicates)

and parsimony (100 replicates) trees, while quartet puzzling (10,000 replicates) indicates support




for the maximum likelihood tree. The g20 sequence from coliphage T4 was used as the outgroup
taxon for all analyses.

Phylogenetic analyses of 183 amino acids from viral g20 sequence from 79 taxa yielded
robust, similar trees using both algorithmic (neighbor-joining) and tree-searching (parsimony and
maximum likelihood) methods. The translated g20 sequences contained phylogenetically
informative regions (e.g., for parsimony analyses, 41 positions were constant, 25 were parsimony
uninformative and 117 were parsimony informative). Differences between the parsimony,
distance and maximum likelihood trees were limited to the branching order of the terminal nodes
in a given cluster. To evaluate whether g20 sequence diversity correlated to a suite of phage
isolation parameters, we empirically defined a “well supported node” as one where the average

support across all three phylogenetic methods was 80% or greater.

Nucleotide sequence accession numbers. The nucleotide sequences determined in this study

were submitted to GenBank and assigned accession numbers AY XXXXXX to AY XXXXXX.

RESULTS AND DISCUSSION

Using the g20 sequences obtained from our myophage collection and those in the
database, we asked whether our myophage contained g20 sequences that were novel or that were
clustered with environmental clades lacking cultured representatives. All 9 previously defined
phylogenetic clusters (Zhong et al., 2002) were reproduced in each of our phylogenetic trees (Fig.
1). The g20 sequences of all 44 sequenced phage isolates (one isolate, S-RIM9, was screened but
not sequenced) did not group with environmental clusters that lacked cultured representatives.
The identical g20 sequences from phages P-SSM9, P-SSM11 and P-SSM12 along with that from
S-RIM6 form a fourth monophyletic cluster within the clusters containing cultured
representatives (I, II, IIT). Finally, while phylogenetic analyses grouped the g20 sequences from
S-BnM1 and P-ShM1 with those from other cultured myophage, low bootstrap support made their
placement within a particular cluster ambiguous.

These analyses suggest that while g20 sequences from our collection are often novel, they
are found only in those g20 clusters containing cultured representatives. In other words, these
new sequences do not help “identify” the environmental sequences in clusters that lack cultured
representatives. We suggest that the 6 environmental g20 sequence groups lacking cultured

representatives may be from two possible sources: phages that infect as yet uncultured
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cyanobacteria, or phages that infect other surface-dwelling non-cyanobacterial hosts. Although
the g20 primers used in the studies that yielded these sequences have been tested for non-specific
amplification against a range of cultivated g20-containing bacteriophage, it is likely that in the
high viral diversity of the oceans (Breitbart et al., 2002) the primers are not truly specific for
cyanophage. If these g20 sequences are from bacteriophages, their relative abundance in the
environmental g20 tree — 6 of the 9 clusters contain most of the environmental g20 sequences
(Zhong et al., 2002) — qualitatively suggests that the hosts of the phages containing these g20
sequences may be common surface water microbes. Given this criterion, candidate hosts include
Pelagibacter (formerly SAR11), Roseobacter (formerly SAR83), SAR86, and SAR116
(Giovannoni and Rappe, 2000).

As previously observed (Zhong et al., 2002; Marston and Sallee, 2003), the nucleotide
and amino acid sequence divergence of the g20 regions amplified from our myophage isolates
suggests the g20 portal protein gene is highly conserved. This region of the g20 homologue from
coliphage T4 was 49.6-54.5% identical at the nucleotide and 39.8-45.3% identical at the amino
acid level to the g20 sequences from our myophage isolates. Among the cyanomyophage g20
sequences, there was less than 50% divergence of both nucleotide and amino acid sequences, with
ranges of pairwise identities from 59.8-100% nucleotide identity and 59.6-100% amino acid
identity. Thirteen groups of g20 sequences from myophage isolates and environmental sequences
contained identical amino acid sequences (numbered 1-13 in Fig. 1). Such high conservation of
220 sequences has been noted previously (Zhong et al., 2002; Marston and Sallee, 2003) and is
not limited to the isolates of the MIT phage collection. Such striking g20 sequence conservation
from cyanobacterial phages isolated from variable depths and/or geographical regions suggests
these phages, due to the global distribution of their hosts, might be exchanging g20 genes
throughout a global pool of phage genetic information (Hendrix et al., 1999).

With such a rich database of g20 sequence information, we wondered whether the g20
sequence clusters could be used to identify the host genus or host strain used to isolate a given
phage isolate even though it is known that many of these phages can infect across a broad range
of hosts (Sullivan et al., 2003). While none of the three culture-containing clusters (I, II, III) were
comprised solely of g20 sequences from either Prochlorococcus or Synechococcus phages, all 10
220 sequence clusters with identical amino acid sequences from cultures and 3 of the 6 well-
supported sequence clusters (as defined in methods) were represented either by Prochlorococcus

or Synechococcus phage, but not both. These latter observations suggest a non-random
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distribution of g20 sequences within the clusters of the tree. However, it is important to bear in
mind that the designation of Prochlorococcus or Synechococcus phage is artificially designated as
the result of the genus of the cultured host originally used to isolate the phage. In fact, with one
exception (cluster #10, Fig. 1), all phages represented in these clusters with identical g20 amino
acid sequences, can infect both Prochlorococcus and Synechococcus (Sullivan et al., 2003).

An examination of the distribution of the original host strains used to isolate the phages
showed that 6 of these 10 g20 sequence clusters with identical amino acid sequences (clusters #3,
4,6,7, 10, 11; Fig. 1) and none of the 6 well-supported clusters contained phages isolated using
the same original host strains, while 4 of the identical g20 amino acid sequence clusters (clusters
#5, 8,9, 12; Fig. 1) and all 6 of the well-supported clusters did not. Further, there were some
hosts (e.g., NATL2A, WH 7803) used to isolate many phages that contained g20 sequences that
sometimes clustered together and sometimes were scattered throughout the tree (Fig. 1). Where
complete host range information was available (i.e., tested against 11 Prochlorococcus and 10
Synechococcus strains), there also was no obvious relationship between g20 phylogeny and host
range (Fig. 1). Of 9 clusters with identical g20 amino acid sequences from cultured phages where
host range data were available, 6 had different host ranges (clusters # 3, 5, 6, 7, 9, 12; Fig. 1)
while 3 had the same host ranges (clusters #4, 8, 10; Fig. 1).

Taken together, these data present a complicated scenario where sometimes g20
clustering appears non-random, but oftentimes lacks obvious correlations that might indicate
which host strain or genus was used to isolate a phage. Further work to more rigorously address
whether the clustering of these g20 sequences from similar phages (e.g., at the generic host level
or at the single strain host level) is different from a random distribution of these g20 sequences
should be done, perhaps as follows. There are 39 phage g20 sequences distributed within 6 well-
supported (as defined in methods) clusters and 10 identical g20 amino acid clusters within this
phylogeny. Using statistical randomization procedures (e.g., Monte Carlo simulations), one could
evaluate whether the distribution of g20 sequences observed in our tree could occur randomly.

The lack of obvious relationships between g20 sequence clustering and the identification
of original phage host or host range requires explanation. The host ranges of these myophages
vary greatly, ranging from infecting a single host strain to infecting other ecotypes and even other
genera (Sullivan et al., 2003). Therefore the “true” or optimal host, if such a construct exists for
broad host range phages, might be any one of the host strains that it cross-infects (or an

uncultured strain yet to be isolated). This muddies the waters considerably in trying to link the




evolutionary history (using g20 as a proxy) of myophages to that of their host of isolation or even
to their apparent range of hosts, given the severe limitations in our understanding of the in situ
reality for these phages in the environment. Further, the disconnect between g20 sequence
clustering and host relationships is likely due to the function of g20. In coliphage T4, the g20
gene encodes a portal protein (Marusich and Mesyanzhinov, 1989) involved in functions quite
removed from the direct interaction between phage and host. Thus, there is little reason to expect
that the phylogenetic affiliation of g20 sequences would be related to host range. (Recall that in
phage, where extensive horizontal gene transfer is known to occur (Hendrix et al., 1999; Hendrix,
2003), one gene might meaningfully correlate to a given property while another gene in the
genome might represent a different mode of selection). Host range and the proteins mediating it
are dynamic due to the ongoing phage-host ‘arms race’, while g20 remains highly conserved,
through selective pressures that are unrelated to host identity. A better candidate gene whose
phylogeny might map onto host range could be the distal tail fiber gene, which is known to be the
direct determinants of host range in T-even coliphages (Henning and Hashemolhosseini, 1994).
The exploration of g20 diversity in this cyanophage collection has expanded the sequence
database to include phage isolated using Prochlorococcus strains. Analyses presented here, (1)
confirm that phage culture collections represent only a fraction of the g20 sequence diversity
observed in the field, and (2) suggest that g20 sequence clusters do not identify the original host
of isolation or host range of phage isolates. We are only beginning to explore ecological
questions in phage biology and have sampled less than 0.0002% of the global phage metagenome
(Rohwer, 2003). Current investigations of phage-host interactions are dramatically hampered by
the lack of diversity markers for quantitatively and specifically tracking phages that infect
particular hosts. New efforts to identify appropriate marker genes for tracking such diversity are

critical to systematically understand phage-host dynamics in the oceans.
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Table 1: Detailed description of phage isolates used in optimization of g20 PCR primers and

results of specificity testing of three PCR primer sets against various phage isolates.

Phages Hosts Site of Isolation Depth Date isolated Family* CPS CPS CPS Ref*
(m) 4GC/5®  1/18°  1.1/8.1°

Prochlorococcus cyanophage
P-SSP1 MIT 9215 BATS /31°48’N, 64°16'W 100 6 June 2000
P-RSP1 MIT 9215 Red Sea / 29°28’N, 34°53’E 0 15 July 2000
P-RSP2 MIT 9302 Red Sea /29°28’N, 34°53’E 0 15 July 2000
P-SSP2 MIT 9312 BATS / 31°48’N, 64°16’'W 29 Sep 1999
P-SSP3 MIT 9312 BATS /31°48’N, 64°16'W 100 29 Sep 1999
P-SSP4 MIT 9312 BATS / 31°48’N, 64°16'W 70 26 Sep 1999
P-SSP5 MIT 9515 BATS /31°48’N, 64°16'W 29 Sep 1999
P-SSP6 MIT 9515 BATS /31°48°N, 64°16’'W 100 26 Sep 1999
P-SSP7 MED4 BATS /31°48’N, 64°16'W 100 26 Sep 1999
P-GSP1 MED4 Gulf Stream / 38°21°N, 66°49'W 6 Oct 1999
P-SSP8 NATL2A BATS / 31°48’N, 64°16’'W 26 Sep 1999
P-RSP3 NATL2A Red Sea / 29°28’N, 34°55’E 13 Sep 2000
P-SP1 S$§8120 Slope / 37°40°N, 73°30'W 17 Sep 2001
P-SSM8  MIT 9211 W Sargasso Sea / 34°24°N, 72°03'W 22 Sept 2001
P-SSM1  MIT 9303 BATS /31°48’N, 64°16’'W 6 June 2000
P-RSM1 MIT 9303 Red Sea / 29°28°N, 34°53’E 15 July 2000
P-RSM4  MIT 9303 Red Sea / 29°28’N, 34°55’E 13 Sep 2000
P-ShM1 MIT 9313 Shelf / 39°60°N, 71°48'W 16 Sep 2001
P-ShM2  MIT 9313 Shelf / 39°60’N, 71°48°W 16 Sep 2001
P-SSM2 NATLIA BATS /31°48’N, 64°16'W 6 June 2000
P-RSM5  NATLIA Red Sea / 29°28’N, 34°55’E 13 Sep 2000
P-SSM7 NATLIA BATS /31°48’N, 64°16'W 29 Sep 1999
P-SSM3 NATL2A BATS /31°48°N, 64°16'W 6 Jun 2000
P-SSM4  NATL2A BATS /31°48’N, 64°16'W 6 June 2000
P-SSM5 NATL2A BATS /31°48’N, 64°16’'W 26 Sep 1999
P-SSM6 NATL2A BATS /31°48’N, 64°16'W 29 Sep 1999
P-RSM2  NATL2A Red Sea / 29°28’N, 34°55’E 13 Sep 2000
P-RSM3 NATL2A Red Sea / 29°28’N, 34°55’'E 13 Sep 2000
P-SSM9 NATL2A W Sargasso Sea / 34°24°N, 72°03'W 22 Sep 2001
P-SSM10  NATL2A W Sargasso Sea / 34°24°N, 72°03’W 22 Sep 2001
P-SSM11 NATL2A W Sargasso Sea / 34°24’N, 72°03'W 22 Sep 2001
P-SSM12  NATL2A W Sargasso Sea / 34°24’N, 72°03'W 22 Sep 2001
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Synechococcus cyanophage
Syn5 WH 8109 Sargasso Sea / 36°58’N, 73°42'W
Synl12 WH 8017 Gulf Stream / 34°06’N, 61°01'W
S-SM1 WH 6501 Slope / 37°40'N, 73°30'W
S-ShM1 WH 6501 Shelf / 39°60’N, 71°48°W
S-SSM1 WH 6501 W Sargasso Sea / 34°24°N, 72°03’W
Syn 2 WH 8012 Sargasso Sea / 34°06’N, 61°01'W
Syn9 WH 8012 Woods Hole / 41°31°N, 71°40'W
Syn 10 WH 8017 Gulf Stream / 36°58’N, 73°42'W
Syn 26 WH 8017 NE Providence Channel /
25°53'N, 77°34'W
S-SM2 WH 8017 Slope / 37°40°N, 73°30'W
Syn30 WH 8018 NE Providence Channel /
25°53'N, 77°34’'W
S-SSM3 WH 8018 W Sargasso Sea / 34°24°N, 72°03'W
S-SSM4 WH 8018 W Sargasso Sea / 34°24’N, 72°03'W
S-RIM3 WH 8018  Mt. Hope Bay, R1/41°39’N, 71°15’W
Syn 33 WH 7803 Gulf Stream / 25°51°N, 79°26'W
S-PM2 WH 7803 English Channel / 50°18°N, 4°12'W
S-WHM1 WH 7803 Woods Hole / 41°31°N, 71°40°'W
S-RIM9 WH 7803 Mt Hope Bay, R1/41°39’N, 71°15°'W
S-RIM17  WH 7803 Mt Hope Bay, R1/41°39’N, 71°15'W
S-RIM24 WH 7803 Mt Hope Bay, R1/41°39’N, 71°15'W
S-RIM30 WH 7803 Mt Hope Bay, R1/41°39°N, 71°15°'W

Dec 1990
July 1990
17 Sep 2001
16 Sep 2001
22 Sep 2001
July 1990
Oct 1990
Dec 1990
Jan 1992

cooco3ldoocoo
+ 4+ + 0+ 4+ 0
+ + 4+ ++ 0
W LW W

o

17 Sep 2001
Jan 1992

(=1

+
+
w

22 Sep 2001
22 Sep 2001
Sept. 1999
Jan 1995
23 Sep 1992
11 Aug 1992
May 2000
July 2001
Dec 2001
June 2002

—

COO0OO0OOCOOOC —=O
o
TZZEEIZR EZ ZZEXEZZ9w
-
+
(%]

+ 4+ + + 4+ +
+++++ A+ 4+
AR BALLWLAENN




Phages Hosts Site of Isolation Date isolated Family* CPS CPS CPS Ref*
4GC/s® 18" 1.1/8.1°
+ - -

Syn 1 WH 8101 Woods Hole / 41°31'N, 71°40°W Aug 1990
S-ShM2 WH 8102 Shelf / 39°60°N, 71°48°W 16 Sep 2001
S-SSM2  WH 8102 W Sargasso Sea / 34°24’N, 72°03°'W 22 Sep 2001
S-SSM5 WH 8102 W Sargasso Sea / 34°24°N, 72°03’'W 22 Sep 2001

Syn 19 WH 8109 Sargasso Sea / 34°06'N, 61°01'W July 1990
S-SSM6  WH8109 W Sargasso Sea/ 34°24’N, 72°03’'W 22 Sep 2001
S-SSM7 WH 8109 W Sargasso Sea / 34°24’'N, 72°03'W 22 Sep 2001

Other phages

H6-91 IH6 Inner Harbor, Baltimore, MD

H6-¢7 [H6 Inner Harbor, Baltimore, MD
IH11-¢2 Alteromonas Inner Harbor, Baltimore, MD
H11-¢5 Alteromonas Inner Harbor, Baltimore, MD
CB8-¢2 CB8 Chesapeake Bay, MD
CB8-96 CB8 Chesapeake Bay, MD

CB Vibrio

-8 alginolyticus Chesapeake Bay, MD
HER320 H7 Helgoland, North Sea
HER321 H100 Helgoland, North Sea
HER322 H100 Helgoland, North Sea
HER327 11-68 Helgoland, North Sea
HER328 H105 Helgoland, North Sea

(Table 1 continued)

“M, P and S represent the virus families Myoviridae, Podoviridae and Siphoviridae, respectively.
? indicates the morphology of the phage particle has not been confirmed with electron
microscopy, but is presumably a Myoviridae based upon amplification and sequencing of a g20
PCR product.

® 4, positive PCR amplification; —, no desired PCR product.

“ References code: 1 = Sullivan et al, 2003; 2 = This study; 3 = Waterbury & Valois; 1993; 4 =
Marston & Salee, 2003; 5 = Wilson et al., 1993; 6 = Zhong et al., 2002; 7 = Wichels et al., 1998
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Figure 1: Evolutionary relationships determined using 183 amino acids of the portal protein gene
(220) amplified from MIT myophage isolates (colored and italicized), previously characterized
myophage isolates (colored), and environmental g20 sequences (Zhong et al., 2002; Marston and
Sallee, 2003). The tree shown was inferred by neighbor-joining as described in the methods.
Support values shown at the nodes are neighbor-joining bootstrap / maximum parsimony
bootstrap / maximum likelihood quartet puzzling support (values less than 50 are designated with
a dash). Well supported nodes (as defined in methods) are designated by italicized support
values. Clusters were assigned as designated by Zhong et al. (2002); clusters I, IT and III contain
220 sequences from cultured phage isolates, while clusters A-F represent environmental g20
sequences. Clusters containing g20 sequences that are identical are numbered with alphanumeric
numbers (1-13). For cultured phage, colored isolate names indicate whether they were originally
isolated using a Synechococcus (orange) or Prochlorococcus (green) host; black lettering
following phage isolate names indicates the original host strain used for isolation, and colored
dots indicates that the phage cross-infects at least one strain from the high-light adapted
Prochlorococcus (blue), the low-light adapted Prochlorococcus (green) or Synechococcus
(orange), whereas colored dashes indicates no cross-infection among those ecotypes. Isolates not
available for host range testing have no indication of their host range.
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Figure 1
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Whole genome sequencing gives us a new window for viewing phage-host interactions and
their evolutionary implications. Here we report the presence of genes central to oxygenic
photosynthesis in the genomes of three phage from 2 families of viruses (Myoviridae,
Podoviridae) that infect the marine cyanobacterium, Prochlorococcus. The gene that encodes
the photosystem II (PSII) core reaction center protein D1 (psbA), and a gene (hli) that
encodes one high light inducible protein (HLIP) type are present in all 3 phage genomes.
The two myoviruses contain additional kli gene types, and one of them contains psbD, which
encodes the second PSII core reaction center protein, D2, and the other contains
photosynthetic electron transport genes coding for plastocyanin (petE) and ferredoxin
(petF). These uninterrupted, full-length genes are conserved in their amino acid sequence,
suggesting that they encode functional proteins that may help maintain photosynthetic
activity during infection. Phylogenetic analyses show that phage D1, D2 and HLIP proteins
cluster with those from Prochlorococcus, indicating that they are of cyanobacterial origin.
Their distribution among several Prochlorococcus clades further suggests that the genes
encoding these proteins were transferred from host to phage multiple times. Phage HLIPs
cluster with multicopy types found exclusively in Prochlorocococus, suggesting that phage
may be mediating the expansion of the kli gene family by transferring these genes back to
their hosts after a period of evolution in the phage. These gene transfers are likely to play a

role in the fitness landscape of host and phage in the surface oceans.
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The genomes of viruses (phage) that infect bacteria contain a variety of genes homologous to
those found in their bacterial hosts (1-5). Many encode functional proteins involved in processes
of direct importance for the production of phage progeny. They include genes involved in DNA
replication, nucleotide metabolism and RNA transcription and are found in the genomes of both
lytic phage and prophage (3, 6). It is likely that many originated from their hosts (2, 4), and that
some host genes that occur in multiple copies have been (re)acquired from phage (2, 7) — either

after a period of evolution in the phage or after acquisition of the gene from a different host.

Host genes that are not directly related to the production of new phage, such as genes involved in

phosphate sensing and metabolism (8, 9) and the scavenging of oxygen radicals (10) are also

found in phage genomes, and may benefit phage by temporarily enhancing host functionality

prior to lysis. In addition, prophage can provide their hosts with new functions by encoding genes
not otherwise found in the host’s genome, such as virulence factors, toxin production genes, and

genes involved in the immune response to pathogenic infection (5, 6, 11).

Genes involved in photosynthesis have recently been found in a lytic phage isolated on
Synechococcus WH7803 (12), a member of the marine cluster A unicellular cyanobacteria that is
widespread in the oceans. A member of the Myoviridae family of dsDNA viruses, this phage
contains 2 photosynthetic genes (psbD and an interrupted psbA gene) that code for the 2
photosystem IT (PSII) core reaction center proteins found in all photosynthetic organisms. These
genes were not found in another phage — a member of the Podoviridae family — isolated on the
same strain of Synechococcus (13). This leads one to wonder whether the presence of
photosynthetic genes in phage is a rare phenomenon and to what extent it is specific for a
particular phage or host type. If these genes are widespread and diverse in cyanophage, what is

their origin? Were they acquired through a single ancestral transfer event?

The phage-host system for Prochlorococcus and Synechococcus (14, 15), which form a
monophyletic clade within the cyanobacteria (16-19), is well suited to begin to answer these
questions. Members of each genus form distinct sub-genera clusters within this clade, which in
Prochlorococcus also correspond to their efficiency of light utilization (17). Numerous phage
have been isolated using this diverse group, including members of the Myoviridae, Podoviridae

and Siphoviridae families, and the degree of cross infection — a mechanism for horizontal gene




transfer — among and between strains has been analyzed (14, 15). The genomes of 4 of the host
strains have been published (20-22), and the genomes of three phage have been séquenced by the
US Department of Energy Joint Genome Institute (DOE JGI; www.jgi.doe.gov), providing a
database to begin an analysis of the distribution of host genes among hosts and the phage that

infect them, and exploring their phylogenetic relationships.

Here we report that the genomes of 3 phage that infect Prochlorococcus collectively contain a
number of host-like photosynthetic genes. We further infer from bioinformatic analyses that they
are likely to play a functional role during infection, as well as impact the evolutionary trajectory

of both phage and host in the surface oceans.

Materials and Methods

Selection and preparation of cyanophage for genome sequencing

Two myoviruses and 1 podovirus were chosen for sequencing based on their host range within
Prochlorococcus, with no prior knowledge of their gene content. The podovirus P-SSP7 (43 kb
genome), infects a single high-light adapted (HL) Prochlorococcus strain. The myovirus P-SSM2
(252 kb) infects 3 low-light adapted (LL) Prochlorococcus strains and the P-SSM4 myovirus
(178 kb) infects 2 HL and 2 LL Prochlorococcus strains ((15), see Table I). None of these phage

cross-infects any of the Synechococcus strains tested.

Phage were propagated on their respective Prochlorococcus hosts (P-SSP7 on MED4, P-SSM2
on NATL1A, P-SSM4 on NATL2A) and were purified for DNA extraction and the construction
of clone libraries as described previously (8). Briefly, 1L of lysed culture was treated with DNase
and RNase to degrade host nucleic acids. Cell debris were removed and the phage remaining in
the supernatant were precipitated using PEG 8000. Concentrated phage were purified on a cesium
chloride step gradient (steps were p=1.30, 1.40, 1.50, 1.65; the gradient was spun at 2 hour, 4°C,
104,000 Xg) and dialyzed against a buffer containing 100mM TrisCl (pH 7.5), 100 mM MgSO,
and 30 mM NaCl. Purified phage were burst using SDS (0.5%) and proteinase K (SOp.g.mI"),
DNA was extracted with phenol:chloroform and concentrated by ethanol precipitation. A custom
LASL clone library was constructed by Lucigen Inc (Middleton, WI) as described previously
(23). Inserts were sequenced and genomes assembled by the DOE JGI. All analyses were
conducted on the phage genomes as provided on 17 Oct 03 (P-SSM2, P-SSM4) and 19 Nov 03
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(P-SSP7). At that time, these genomes were in large high-quality contigs compiled from 26-fold
(P-SSP7), 30-fold (P-SSM2) and 39-fold (P-SSM4) coverage, respectively. The P-SSP7 and P-

SSM4 genomes were not yet closed.

PCR amplification of pshA

Genomic DNA was isolated from Prochlorococcus cultures using the DNEasy kit (Qiagen,
Valencia, CA). Partial psbA sequences were amplified using primers from (19) or for
Prochlorococcus MIT9211 using the following primers (5’-AACATCATYTCWGGTGCWGT-
3") and (5’-TCGTGCATTACTTCCATACC-3"). Reactions (50ul1) consisted of 4mM MgCl,,
200uM each ANTP, 0.25uM each primer, 2.5 units Tag DNA polymerase (Invitrogen, Carslbad,
CA), 4ng genomic DNA. Amplification conditions, run on a RoboCycler Gradient 96
thermocycler (Stratagene, La Jolla, CA), comprised steps at 92°C for 4 min, 35 cycles at 92°C for
1 min, 50°C for 1 min and 68°C for 1 min, followed by a final extension step at 68°C for 10 min.
PCR products were gel purified and sequenced in both forward and reverse directions (Davis

Sequencing).

Identification of genes and transcriptional regulatory elements

Assembled phage genomes were examined to identify open reading frames (ORFs) using
GeneMark (24). Gene identifications were based on homology to known proteins using the blastp
program (ftp://ftp.ncbi.nih.gov/blast) with an E-value cut-off of 10”. Further prerequisites were
used for the identification of genes encoding ferredoxin and high light inducible proteins (HLIPs)
due to their small size and sequence divergence. Ferredoxin encoding genes (petF) were included

in our analyses if they encoded the 2Fe-2S iron-sulfur cluster binding domain (fer2) (with an E

value <10 as determined from the NCBI conserved domain database blast tool, rpsblast). HLIP

encoding genes (hli) were identified as present for this study if they encoded at least 6 out of 10
of the amino acids in the motif AExxXNGRxAMIGEF (25). Bhaya et al. (26) report that many
Prochlorococcus hli genes code for a conserved 9 amino acid C-terminal sequence, with the
consensus sequence TGQIIPGI/FF. For this study, this sequence was defined as present when at

least 6 out of 9 of the conserved amino acids were found at the C-terminus of the HLIP.

Rho-independent transcriptional terminators were identified using the TransTerm program (27),

and all had an energy score of <-10 and a tail score of <-5. Potential bacterial sigma-70 promoters




were identified in intergenic regions using the program BPROM (www.softberry.com). Promoter

sequences reported here had a linear discriminant function greater than 2.5. While identification
of terminators is quite robust, detection of potential promoters in cyanophage is more precarious
as the predictive ability of both cyanophage and cyanobacterial promoter elements is presently

low.

Sequence manipulation and analyses

Sequences were initially aligned using Clustal X and edited manually when necessary. Amino
acid alignments served as the basis for the manual alignment of nucleotide sequences. Regions
that could not be confidently aligned were excluded from analyses, as were gaps. The divergence
estimator program, K-estimator 6.0 (28), was used to estimate the frequency of synonymous and
non-synonymous nucleotide substitutions and employs the Kimura 2p correction method for

multiple-hits.

The PAUP V4.0b10 package was used for the construction of distance and maximum parsimony
trees. Amino acid distance trees were inferred using minimum evolution as the objective function
and mean distances. Heuristic searches were performed with 100 random addition sequence
replicates and the tree-bisection and reconnection branch swapping algorithm. Starting trees were
obtained by stepwise addition of sequences. Bootstrap analyses of 100 resamplings were carried
out. Maximum likelihood trees were constructed using TREE-PUZZLE 5.0. Evolutionary
distances were calculated using either the JTT model of substitution (for D1, D2 and ferredoxin)
or the VT model of substitution (for the highly divergent HLIPs) assuming a gamma-distributed
model of rate heterogeneities with 16 gamma-rate categories empirically estimated from the data.

Quartet puzzling support was estimated from 10,000 replicates.

In cases where phylogenetic analyses of small genes received low bootstrap support we used the
GeneRAGE clustering tool (29) which clusters protein sequences with significant relationships at
user defined E-value thresholds. The input to GeneRage was an all-against-all table of blast
comparisons of amino acid sequences made using blastp from NCBI. GeneRAGE uses a Smith-
Waterman dynamic programming alignment algorithm to correct for false positive linkages
whenever the pairwise relationships are not symmetrical. For HLIPs, an E-value cutoff of 10

was used. The clusters containing the phage HLIPs were preserved down to an E-value cutoff of
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10™"7. For plastocyanin and ferredoxin respectively, E-value cutoffs of 10 and 10 linked the

phage proteins with a large group of proteins, whereas at E-value cutoffs of 10% and 10~ the

respective phage proteins did not cluster with other sequences.

Results

A suite of host photosynthesis genes was found in the three phage genomes (Fig. 1). The psbA
gene, encoding the PSII core reaction center protein, D1, and one hli gene type, encoding the
HLIP cluster 14 type protein (sensu (26)) were present in all 3 phage. HLIPs are thought to be
involved in protecting the photosynthetic apparatus from excess excitation energy during stressful
conditions in cyanobacteria (30). Other photosynthesis related genes were present in the two
myovirus genomes (Fig. 1B, C). Phage P-SSM4 contains the psbD gene encoding the second PSII
core reaction center protein, D2, while phage P-SSM2 contains two photosynthetic electron
transport genes coding for plastocyanin (petE) and ferredoxin (petF). Both phage contain
additional gene types from the Ali multigene family.

The deduced amino acid sequences of the phage photosynthesis genes are highly conserved and
therefore have the potential to be functional proteins. The coding sequences of all of these genes
are uninterrupted and show a high degree of identity to their host homologs (up to 85% and 95%
nucleotide and amino acid identities respectively; Suppl. Table II, Suppl. Figs. 4-8). In the case of
D1 and D2 from all three phage, the greatest amino acid divergence is in the N-terminal leader
sequences that do not form part of the functional protein. Furthermore, divergence analyses based
on estimates of the frequency of non-synonymous (Ka) and synonymous (Ks) nucleotide
substitutions between phage- and host-encoded genes, revealed Ka/Ks ratios of less than 0.45 for
all genes — with values of <0.1, similar to that among Prochlorococcus genes, for psbA and
psbD (Suppl. Table III) — indicating that the majority of nucleotide substitutions did not cause a
change in amino acid sequence. These findings suggest that the phage-encoded genes, particularly
psbA and psbD, have been subjected to strong selective pressure to conserve their amino acid

sequences, which is consistent with the hypothesis that they are functional.

All of the photosynthesis genes, with the exception of the plastocyanin gene, petE, are arranged
together in the phage genomes, suggesting that they may be expressed at a similar stage of

infection (3, 31). In addition, identification of potential promoter and terminator elements




suggests that distinct transcriptional units are found within these genomic regions. In the genome
of P-SSP7, for example, psbA and the single hli gene may be co-transcribed with the adjacent
phage structural genes in a single operon. Most of the genes in this region have overlapping start
and stop codons and are flanked by a putative sigma-70 transcriptional promoter and rho-
independent transcriptional terminator (Fig. 1A). This arrangement further suggests that the
photosynthesis genes are expressed in the latter portion of the lytic cycle, as is known for
structural proteins in other T7-like podoviruses (31). In contrast, the presence of transcriptional
terminators flanking the regions containing photosynthetic genes in the myoviruses suggests that
they may be transcribed as discrete transcriptional units largely independent of the surrounding

phage genes.

The cyanobacterial origin of the phage psbA and psbD genes is suggested by the presence of
certain features in both phage and host genes. Phage psbA genes code for a 7 amino acid indel
close to the carboxy terminus of the D1 protein (Suppl. Fig. 4) which is almost exclusively found
in cyanobacterial D1 proteins. Similarly, the phage psbD gene codes for a 7 amino acid indel in
the center of the D2 protein that is also found in Prochlorococcus MED4 and SS120 (but not in
other cyanobacteria or eukaryotic D2 proteins) (Suppl. Fig. 5). Interestingly, the psbD gene from
neither Synechococcus WH8102 nor the Synechococcus phage S-PM2 codes for these additional
amino acids (Suppl. Fig. 5). These findings suggest that Prochlorococcus phage acquired psbD

from Prochlorococcus and Synechococcus phage acquired this gene from Synechococcus.

Pﬁylogenctic analyses of the PSII core reaction center proteins further supports the cyanobacterial
origin of the phage genes and, along with knowledge of phage host ranges (15), suggests that they
were acquired multiple times from their hosts. The phage D1 and D2 proteins clustered with
marine cyanobacteria in both distance (Fig. 2A & B) and maximum likelihood trees. Proteins
encoded by phage that only infect Prochlorococcus clustered with Prochlorococcus, while those
from a phage that infects only Synechococcus (sequences taken from (12)) clustered with
Synechococcus, as did an environmental sequence (BAC9D04) encoding both D1 and phage
structural genes (32). Moreover, D1 from two of the Prochlorococcus phage clustered within
Prochlorococcus clades that match their host range (Fig. 2A). However, D1 from the third
Prochlorococcus phage did not cluster within a specific Prochlorococcus clade suggesting that its

psbA gene was either acquired from an as yet uncultured Prochlorococcus type, or has diverged

58




to an extent that prevents identification of the common ancestor. The fact that the phage D1 and
D2 proteins are distributed in both the Prochlorococcus and Synechococcus clades, and are
largely consistent with their host range, suggests that the genes were acquired in independent
transfer events from their cyanobacterial hosts (sensu (2, 4)). This could have occurred de novo
between distinct host and phage several times, or these genes may have been transferred from
host to phage in a process akin to gene conversion subsequent to an ancestral transfer event (see
Discussion section). If the host genes in phage resulted from a single ancestral event, followed by
subsequent vertical or lateral transfers from phage to phage, the phage- and host-encoded genes

would have formed monophyletic clades distinct from each other.

Phylogenetic analyses of the plastocyanin electron transport protein in host and phage also
suggests that the phage petE gene is of cyanobacterial origin (Suppl. Fig. 9). However, the data is
not conclusive as to the origin of the phage gene from within the cyanobacteria. The phage
protein clusters with filamentous cyanobacteria, but contains a 10 amino acid indel found only in
unicellular cyanobacteria (Suppl. Fig 6). GeneRAGE clustering analysis did not resolve the
clustering of the phage plastocyanin protein. Both phylogenetic and GeneRAGE analyses of the
ferredoxin electron transport protein encoded by the petF gene were inconclusive as to the origin
of the phage gene. These results, together with the greater divergence estimates (Ka/Ks) for the
phage- and Prochlorococcus-encoded petE and petF gene pairs (0.19-0.43) than among
Prochlorococcus gene pairs (0.03-0.07) (Suppl. Table III), suggest that the photosynthetic
electron transport genes encoded by P-SSM2 either originated from an organism for which a
close relative does not currently exist in the database, or have diverged to an extent that prevents

inference as to their origin. These may be new genes in the making.

Previous analyses of HLIPs in cyanobacterial genomes revealed the presence of genetically
diverse types, with distinctly different clusters formed for single and multiple copy HLIPs (26).
Genes found in a single copy in each of the 4 sequenced marine cyanobacterial genomes form 4
distinct clusters (GR C5, C6, C7 and C8 in Fig. 3) that are interspersed with HLIPs from
freshwater cyanobacteria in a large cluster (Fig. 3), whereas multi-copy Prochlorococcus HLIPs
are in a separate cluster (Fig. 3). While bootstrap support for these two broad clusters is not high,
both distance and maximum likelihood analyses resulted in the same two broad groupings,

lending some support to this tree architecture. When we add the phage HLIPs to this analysis
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some interesting patterns appear. Ten out of eleven of the phage HLIPs cluster with those that are
encoded by multiple gene copies in Prochlorococcus — some with more bootstrap support than
others. That they do not group with those from freshwater cyanobacteria, nor with the HLIP types
found in a single copy in marine unicellular cyanobacteria receives greater bootstrap support (Fig.
3). These results were obtained from three different analyses (distance and maximum likelihood
phylogenetic analyses and GeneRAGE clustering). Indeed GeneRAGE clusters 7 out of 11 phage
HLIPs with the four HLIP types encoded by multi-copy genes in Prochlorococcus genomes (GR
10, GR12, GR 14, and GR 15), with the remaining 4 of indeterminate affiliation using
GeneRAGE. As for nearly all of the multi-copy HLIP sequences from Prochlorococcus (28 of
29), all but one of the phage HLIPs contain a 9 amino acid signature sequence at the carboxy
terminus of the protein that is absent from other cyanobacterial HLIPs (26) — further supporting

a connection between phage hli genes and multi-copy hli genes in the host.

While the lack of strong bootstrap support for most of the clustering patterns in Fig. 3 makes it
impossible to draw definitive conclusions, the fact that both phage and Prochlorococcus HLIPs
co-occur in four different clusters suggests that it is likely that Ali genes have been transferred
between host and phage multiple times. Moreover, the clustering of phage HLIPs with a subset of
the HLIPs that are found exclusively in Prochlorococcus suggests that these distinct hli gene
types may have been reacquired from phage after a period of evolution, leading to the expansion

of the hli multigene family in this genus.

Discussion

Our findings, along with those in the companion paper (33) indicate that the presence of
photosynthesis genes is widespread among phage that infect both Prochlorococcus and
Synechococcus. Though they are not universal (13), they are found in representatives of both the
Myoviridae and Podoviridae. The PSII core reaction center gene, psbA, has been found in all
phage reported to have photosynthesis genes, suggesting that it plays a particularly significant
role in these phage. Other photosynthesis genes were more sporadically distributed among the
phage genomes that have been analyzed to date. Genes encoding HLIPs were found in all three
Prochlorococcus phage we analyzed, but only one of five Synechococcus phage reported in
Millard et al. (33). In contrast, the second PSII core reaction center gene, psbD, was found in all

Synechococcus phage but only one Prochlorococcus phage. The small number of phage genomes
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presently available for analysis precludes making robust conclusions from this asymmetry, but if
the trend holds up as more genomes are sequenced, it is likely that there is a differential benefit of
these two genes for the phage that is largely influenced by genera level attributes of their

cyanobacterial host.

The photosynthetic electron transport genes were found in only one Prochlorococcus phage and
no Synechococcus phage, whereas a transaldolase gene has been found in both Prochlorococcus
myoviruses (MBS, FR, SWC unpubl data) and one Synechococcus phage (33). Until more phage
genome sequences are available, it is not possible to determine the significance of what appears to
be a sporadic distribution of these host genes among phage. However, assuming that the genes are
functional, this scattered distribution may have arisen from differential gain and loss resulting

from trade-offs between the burden of carrying such genes and their utility during infection.

Alternatively, we may simply be observing the transient passage of host genes through the phage

genome pool.

The arrangement of photosynthesis genes in both the Prochlorococcus and Synechococcus phage
have some similar properties (compare Fig. 1 this study and (33)), yet are distinctly different from
their organization in host genomes (20-22). In both phage we find adjacent psbA and psbD genes,
adjacent hli and psbA genes, and psbA adjacent to a T4-like phage gene encoding gp49. Yet,
phylogenetic analyses show that the proteins encoded by psbA and psbD from Prochlorococcus
phage cluster with those from Prochlorococcus, and in at least the one Synechococcus phage
available for analysis, these proteins cluster with those from Synechococcus (Fig. 2A, 2B). One
likely explanation for these findings is that the genes were acquired from their respective hosts in
separate transfer events, integrating at recombination hot-spots within the phage genome, and
forming gene arrangements that may be advantageous. Alternatively, one early transfer event may
have occurred, and the observed gene organization patterns formed prior to the divergence of
these phage. In this latter case, for gene sequences to be similar to that from their respective hosts,
they would have had to have been swapped between phage and host in a process similar to gene
conversion, whereby one gene is replaced by another in a non-reciprocal fashion. The direction of
this gene conversion is most likely with the host gene replacing the phage gene, as cyanobacterial

phylogenies inferred from psbA and psbD gene products are congruent with those from other




genes (Fig. 2A, 2B, (16-19)). This latter scenario would suggest that encoding PSII reaction

center genes similar to that from the host is advantageous.

The presence of highly conserved PSII reaction center and Ali genes in the 3 Prochlorococcus
phage suggests that strong evolutionary pressure has driven their acquisition and retention. This is
liable to have important implications for phage-host interactions during infection. It has been
known for some time that viral infection of many photosynthetic organisms leads to a decline in
photosynthetic rates soon after infection (34, 35). This is attributed to damage to the PSII
membrane-protein complexes (36, 37) and may be due to oxidative stress caused by an increase
in destructive reactive oxygen species subsequent to infection (37). However, in many phage-
infected unicellular cyanobacteria, the production of phage progeny is dependent upon
photosynthetic activity continuing until just prior to lysis (38, 39). Phage PSII reaction center
proteins may, if expressed, prevent photoinhibitory damage to PSII in Synechococcus (12). We
further suggest that expression of phage PSII reaction center proteins, as well as the
photoprotective HLIPs may help maintain photosynthetic activity during infection of
Prochlorococcus, leading to increased phage fitness and resulting in selection for cyanophage

that encode functional photosynthetic genes.

Our analysis of host genes in phage have implications not only for phage fitness, but also for the
evolution of the hosts, as there is suggestive evidence that phage may have mediated horizontal
gene transfer and hence expansion of the Ali multigene family in the hosts. It has recently been
suggested that widely distributed, single copy genes are resistant to horizontal transfer (40), while
sporadically distributed multicopy genes are those most likely to have been dispersed by this
method (40, 41). The clustering patterns displayed by the Ali genes in our analyses, though not
statistically robust, are consistent with this tenant. Each of the single copy hli gene types that are
common to the four sequenced unicellular marine cyanobacteria (20-22), are likely to have been
vertically transferred as is evident from the conserved gene arrangement surrounding these hli
types (26) and from their clustering to those from the other marine unicellular cyanobacteria
((26), Fig. 3). In contrast, the hli gene types that are present in multiple copies per genome are
found in only some Prochlorococcus genomes. It is these latter hli gene types that are found in
the Prochlorococcus phage genomes, with at least one phage hli gene in each of the 4 clusters of

multi-copy Prochlorococcus hli gene types (Fig. 3). We therefore suggest that phagé may have
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mediated the horizontal dispersal of these multi-copy genes among Prochlorococcus.
Interestingly, none of the 3 Prochlorococcus phage carrying these hli genes infect marine
Synechococcus (15), suggesting that if these genes were laterally transferred, the breadth of that

transfer matches the limits of their host infection capabilities.

The presence of numerous hli genes in Prochlorococcus MEDA4, a high-light adapted ecotype, is
likely to have facilitated its inhabitance of the surface waters of the open oceans (20, 26, 42).
Indeed cyanobacteria with multiple Ali genes have been shown to have a competitive advantage
upon shifts to high light over mutants in which some of these gene copies have been inactivated
(30). Our hypothesized phage-mediated expansion of the Ali multigene family may have
facilitated the specialization of Prochlorococcus to high-irradiance surface ocean waters leading
to their dominance over other photosynthetic organisms in these environments. Other
photosynthetic genes found in phage are also present in multiple copies in many cyanobacteria,
including psbA, psbD and petF (Suppl. Table IV). The importance of gene duplication in the
evolution of new gene functions is well recognized in other systems (43, 44) and thus it would not
be surprising if it were playing a role in the evolution of physiological variants within the

Prochlorococcus cluster.

The exchange of photosynthetic genes between Prochlorococcus and the phage that infect them
could have significant implications for the evolutionary trajectory of both host and phage, and
may represent a more general phenomenon of metabolic facilitation of key host processes. That
is, the selection of host genes that are retained in a particular phage could reflect key selective
forces in the host environment. Indeed, phosphate sensing and acquisition genes have been found
in phage that infect organisms in low phosphate environments (8, 9). Might we also find salt
tolerance genes in phage infecting halotolerant organisms, and thermal tolerance genes in phage
that infect thermophilic organisms? Such coupled evolutionary processes in host and phage, if
widespread, may play a role in defining host ranges for phage and niche space for hosts, leading

to specialization and even speciation.
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Figure legends

Fig. 1. Arrangement of photosynthesis genes in three Prochlorococcus phage genomes. (A)
Podovirus P-SSP7, (B) Myovirus P-SSM2, (C) Myovirus P-SSM4. Solid bars indicate genes
related to photosynthesis, hatched bars indicate genes commonly found in phage, and open bars
indicate predicted open reading frames of unknown function. Gene=protein designations:
psbA=D1, psbD=D2, hli=HLIP, petE=plastocyanin, petF=ferredoxin, 8=T7-like head-to-tail
connector, 9=T7-like portal protein, /0=T7-like capsid protein, nrdB=T4-like ribonucleotide
reductase beta subunit, 49=T4-like restriction endonuclease VII, t1d=T4-like thymidylate

synthetase.

Fig. 2. Distance trees of PSII core reaction center proteins (A) D1 (psbA), and (B) D2 (psbD).
Phage sequences are shown in bold. The host strain(s) that each phage infects are indicated with
black squares. Trees were generated from partial amino acid sequences with 244 and 336 amino
acids included in the analyses for D1 and D2 respectively (see Suppl. Figs. 4 and 5). Bootstrap
values for distance and maximum likelihood analyses, and quartet puzzling values for maximum
likelihood analysis, greater than 50%, are shown to the left of the nodes (distance/maximum
likelihood/maximum parsimony). Trees were rooted with genes from Arabidopsis thaliana.
Essentially the same topology was obtained when nucleotide trees (with 3™ position excluded)
were constructed except for psbA from P-SSP7, which clustered with HL Prochlorococcus in
nucleotide trees, albeit with low bootstrap support. Pro = Prochlorococcus, Syn =

Synechococcus, Anab = Anabaena, Syncy = Synechocystis.

Fig. 3. Distance tree of 80 HLIPs from cyanobacteria and phage. Phage HLIPs appear in bold.
The tree was generated from partial amino acid sequences (the 36 amino acid region included in
analyses is indicated in Suppl. Fig. 8) and gaps were treated as missing data. GeneRAGE clusters
are indicated to the right of the tree (GR C#), with cluster designations following (26).
Discrepancies between GeneRAGE and distance tree clustering were found for 3 HLIPs and are
indicated by the dashed line and their GR cluster designations. Asterisks denote proteins encoding
at least 6 out of 9 of the C-terminal 9 amino acid consensus sequence. Bootstrap and quartet
puzzling values greater than 50% are shown to the left of the nodes for distance and maximum
likelihood analyses respectively. The tree was rooted with the single HLIP from Arabidopsis

thaliana. Abbreviations as for Fig. 2.
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Table I: Phage used in this study and their photosynthesis-related genes. Phage family and host-range
information as per (15). Bold indicates the host the phage was isolated on. *From Mann et al. (12).

Phage Family Host Strains Infected Genes
P-SSP7 Podovirus Pro MED4 (HL) psbA, 1 hli
P-SSM2 Myovirus Pro NATLI1A, NATL2A, psbA, 6 hli genes,
MIT9211 (LL) petF, petE
P-SSM4 Myovirus Pro NATL1A, NATL2A (LL) psbA, psbD,
Pro MED4, MIT9215 (HL) 4 hli genes
S-PM2* Myovirus Syn WH7803, WH8109 psbA, psbD
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Suppl. Table II: Range of nucleotide and amino acid percent identities for pairs of phage and
Prochlorococus genes and among Prochlorococcus genes. Prochlorococcus strains MED4, MIT9313 and
SS120 were used for these analyses with only one copy of identical genes within a single genome being

included.

Among Prochlorococcus genes

Phage to Prochlorococcus genes

Gene

nucleotide

amino acid

nucleotide

amino acid

psbA

74 - 81 %

87 -96 %

69 - 83 %

85-93 %

psbD

71 -80 %

85-93 %

70-78 %

83-95 %

petE

69-71%

74-76 %

47 - 54 %

41 -47 %

petF

73-78 %

91 -94 %

48 - 57 %

51-53%

hli cluster 10

58 -86 %

50-91 %

51-63 %

43 -64 %

hli cluster 12

53-73%

56-75%

58-70%

63-71%

hli cluster 14

71-94 %

77-91%

73 -85 %

74 -94 %

hli cluster 15

64 -70 %

59 - 66 %

56 — 66 %

54 -64 %

Suppl. Table III: Divergence estimates for Prochlorococcus gene pairs (using strains MED4, MIT9313 and
SS120 ) and phage- and Prochlorococcus-encodedgenes. Ks = the number of nucleotide substitutions that
do not cause an amino acid change per synonymous site, and Ka = the number of nucleotide substitutions
that cause an amino acid change per non-synonymous site. For the petF and hli genes, where multiple gene
types are found, estimates are for genes clustered in the same group as determined from GeneRAGE
analyses. Note that only one identical hli gene from the same genome was included in the analyses. Ranges
are provided for gene pairs for which the Kimura 2p correction was applicable.

Gene

Protein

Among Prochlorococcus

Phage to Prochlorococcus

Ks

Ka/Ks

Ks

Ka/Ks

psbA

D1

1.47-2.14

0.03 - 0.05

0.93-3.11

0.03 - 0:07

psbD

D2

1.30-1.95

0.04 — 0.05

2.24

0.02

petE

plastocyanin

1.37-1.85

0.06 — 0.07

1.13-2.42

0.20 - 0.40

petF

ferredoxin

1.88

0.03

1.08 — 2.65

0.19-0.43

hli c10

HLIP C10

0.59 - 1.59

0.09 - 0.31

0.99 - 1.80

0.14 -0.39

hli c14

HLIP C14

0.31-1.96

0.00-0.18

0.65 - 1.59

0.05 -0.24

hli c15

HLIP C15

0.82

0.21

1.64

0.13

Suppl. Table IV: Number of copies of the relevant photosynthesis genes found in cyanobacteria and
Prochlorococcus phage.
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Supplementary Figure Legends

Suppl. Fig. 4. Alignment of D1 amino acid sequences deduced from phage and cellular encoded
psbA genes. Note the additional 7 amino acids towards the C-terminus of the protein from
cyanobacterial and phage D1 proteins. The amino acids used in phylogenetic analyses correspond
to the region extending from position 84 (VPSS) to position 327 (RANL) of the protein from
Prochlorococcus MED4. Pro = Prochlorococcus, Syn = Synechococcus, Ana = Anabaena, Syncy
= Synechocystis.

Suppl. Fig. 5. Alignment of D2 amino acid sequences deduced from phage and cellular encoded
psbD gene sequences. Note the 7 amino acid indel in the D2 protein from Prochlorococcus
MED4 and SS120 and Prochlorococcus phage P-SSM4. These additional 7 amino acids are not
found in the D2 proteins from other cyanobacteria nor the Synechococcus phage S-PM2. The
amino acids used in phylogenetic analyses correspond to the region extending from position 14
(FDVL) to position 358 (GNAL) of the protein from Prochlorococcus MED4. Pro =
Prochlorococcus, Syn = Synechococcus, Ana = Anabaena, Syncy = Synechocystis.

Suppl. Fig. 6. Alignment of plastocyanin amino acid sequences deduced from phage and cellular
encoded petE gene sequences. Note the 10 amino acid indel in the plastocyanin protein from
unicellular cyanobacteria and Prochlorococcus phage P-SSM2. The amino acids used in
phylogenetic analyses correspond to the region extending from position 36 (GMLA) to position
116 (VIVE) of the protein from Prochlorococcus MED4. Pro = Prochlorococcus, Syn =
Synechococcus, Ana = Anabaena, Syncy = Synechocystis, Tricho = Trichodesmium.

Suppl. Fig. 7. Alignment of ferredoxin amino acid sequences deduced from phage and cellular

petF gene sequences. Pro = Prochlorococcus, Syn = Synechococcus, Ana = Anabaena, Syncy =
Synechocystis.

Suppl. Fig. 8. Alignment of HLIP amino acid sequences deduced from cyanophage and cellular
encoded hli genes. The motifs used for defining HLIPs (AExxXNGRxAMIGF), as well as the
region of the C-terminal consensus sequence (TGQIIPGI/FF) found in 28 out of 44
Prochlorococcus HLIPs and 10 out of 11 Prochlorococcus phage HLIPs, are indicated below the
sequences. The hli gene number designation is shown after the strain ID. The amino acids used in
phylogenetic analysis extend from 4 amino acids towards the N-terminus of the
AEXXNGRxAMIGF motif to the last amino acid of the C-terminal motif. Pro = Prochlorococcus,
Syn = Synechococcus, Ana = Anabaena, Syncy = Synechocystis.

Suppl. Fig. 9. Distance tree of the plastocyanin photosynthetic electron transport protein encoded
by the petE gene. The phage protein is shown in bold. The tree was generated from partial amino
acid sequences. The 80 aa region included in analyses is shown in Suppl Fig. 6. Bootstrap values
(for distance and maximum parsimony analyses) and quartet puzzling support (for maximum
likelihood analysis) greater than 50% are shown to the left of the nodes (distance/maximum
likelihood/maximum parsimony). The tree was rooted with the gene from Arabidopsis thaliana.
Cyanobacterial genus abbreviations: Pro = Prochlorococcus, Syn = Synechococcus, Anab =
Anabaena, Syncy = Synechocystis, Tricho = Trichodesmium.
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Prochlorococcus cyanophage genomes:
Phages adapted for infection of open-ocean photosynthetic cells
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Prochlorococcus cyanophage genomes:
Phages adapted for infection of open-ocean photosynthetic cells

Matthew B. Sullivan et al.’

ABSTRACT

Phage genomic analyses suggest that dSDNA phage evolve through the exchange of
modular cassettes of genes, perhaps forming a limited number of phage types which contain
unique genes that are specialized for interactions with particular hosts. Here we present an
analysis of three genomes from phages that infect Prochlorococcus, the numerically dominant
primary producer in the vast oligotrophic surface oceans. These phage genomes contain core
genes that suggest that podovirus P-SSP7 is a T7-like phage, while both myoviruses P-SSM2 and
P-SSM4 are T4-like phages. They thus appear to be variations of two well-known phages, but
have been modified for the infection of photosynthetic hosts living in oligotrophic environments.
All three phage genomes encode core photosynthetic proteins that are full-length, conserved, and
clustered in the genome, features which suggest they are being maintained by selection. The P-
SSP7 genome also contains an integrase gene that suggests this phage is capable of integrating

into its host. If this gene is functional, this would not only have evolutionary and ecological

implications for both phage and host, but would also represent the first temperate T7-like phage

and the first temperate marine cyanophage in culture. In addition, the P-SSM2 and P-SSM4
genomes collectively encode proteins that may be important for allowing the phage and/or host to
respond to phosphate stress, as well as mobilize carbon stores and synthesize nucleotides,
lipopolysaccharides, cobalamin and accessory pigments. We hypothesize that many of these
phage-encoded genes are functional and likely aid in utilizing host metabolic capabilities during

infection.

! This chapter is the draft of a manuscript that includes the following co-authors (in alphabetical order):
Jan-Fang Chang, Sallie W. Chisholm, Maureen Coleman, Jane Grimwood, David Mead, Forest Rohwer,
Peter Weigele




INTRODUCTION

The taxonomy of bacterial viruses (phages) is highly controversial and actively debated
(Lawrence, Hatfull, and Hendrix, 2002; Rohwer and Edwards, 2002). This controversy arises as
the result of observations among the ‘lambdoid’ phages (those phages that are able to recombine
productively with coliphage lambda) that their DNA exhibits regions of high sequence similarity
adjacent to regions of low sequence similarity which suggests that these genomes might evolve
through the horizontal exchange of genetic material (Simon, Davis, and Davidson, 1971).
Genome sequencing, primarily of lambdoid phages, has confirmed these observations and it has
been hypothesized that perhaps all dSsDNA phages primarily evolve through the horizontal
exchange of genetic material, in the form of modular functional cassettes, through a global phage
genome pool (termed the mosaic theory of phage evolution)(Hendrix et al., 1999). While any
given phage has access to all the sequences in the global phage genome pool, it is suggested that
access to this global phage genome pool must be limited in some manner (Hendrix et al., 1999),
perhaps by host range (i.e., the range of hosts a given phage can infect)(Sullivan, Waterbury, and
Chisholm, 2003). "

If phage had access to a global phage genome pool, then one would predict that some
phages might even contain genes considered to be characteristic of a different domain of life (i.e.,
a phage that infects exclusively bacteria might contain a eukaryotic or archaeal gene, not present
in its hosts)(Hendrix, 2002). This has indeed been observed among the genomes of the
mycobacteriophage (phages that infect Mycobacteria) (Pedulla et al., 2003). Further, examples of
other potential gene exchanges between phages are commonplace in the current literature,
particularly among the lambdoid phages which are relatively well represented in phage genome
databases, but also among two other relatively well represented groups of phage genomes: the
mycobacteriophage (Pedulla et al., 2003) and the “dairy phages” (phages that infect lactic acid
bacteria) (Brussow, 2001). However, between these groups, there is a quantitative difference in
horizontal gene exchange with the lambdoid phages being highly mosaic while the dairy phages
are the least mosaic (Brussow and Hendrix, 2002).

Mechanistically, the setting for this horizontal exchange implied in the mosaic theory of
evolution requires phage DNA to be in close proximity with DNA from a foreign source to allow
genetic exchange. This occurs within multiply-infected hosts, where either two lytic (incapable
of integration into the host chromosome) phages co-infect the same host or where a lytic phage

infection occurs when a temperate (capable of stable integration of its genome into the host
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chromosome) phage has already integrated into the host genome (Hendrix, 2003). In either of
these cases, genes could be shared through homologous or non-homologous recombination
(through an unknown mechanism) (Hendrix, 2003). Further, in the case of the temperate phage,
another opportunity to horizontally obtain genes (in this case from the host) can occur through
imprecise excision of the phage genome upon induction (Calendar, 1988). Thus through
recombination with other phages and hosts, any given phage has the potential to access all the
sequences in the global phage genome pool. This gene pool includes variants of not only the
structural and developmental genes directly necessary for phage life cycles, but also those genes
that have been copied from hosts and are being maintained in the phage gene pool (Hendrix et al.,
2000). If lytic phage genomes have lower opportunity for recombination than the temperate
phages, then these phage genomes might be expected to be less prone to horizontal exchange of
genes and maybe even form biologically cohesive units that could allow a taxonomic hierarchy to
apply due to evolution largely by speciation, genetic adaptation and accumulation of point
mutations (Kovalyova and Kropinski, 2003).

While the genomes of lytic phage types (e.g., phages with genomes like those of the
coliphages T7 and T4) are underrepresented in the phage genome databases, analyses of these
genomes are beginning to reveal a large number of fixed, essential genes, interspersed with highly
variable, non-essential genes which do nor appear to be shared across groups (Desplats and
Kirisch, 2003; Miller et al., 2003a; Molineux, in press). However, the hosts of these phages are
primarily alpha, gamma, delta proteobacteria (only one cyanobacterial host) so our understanding
of core genes within these phage types could be broadened with sequence information from
pfnages infecting a broader diversity of hosts that would more generally represent variations upon
the basic lytic life style.

A group of phages that are ideal for such focused sequencing efforts are the marine
phages. They are abundant (Bergh, 1989; Bratbak et al., 1990; Proctor and Fuhrman, 1990), are
significant contributors to global biogeochemistry (Fuhrman, 1999), and are likely to include a
wide diversity of types for comparison to the nonmarine phages already in the database (Paul et
al., 2002). Although there are over 170 phage genomes in GenBank, only seven of these
sequenced phages infect marine hosts (cyanophage P60; vibriophages VpV262, KVP40, VP16T,
VP16C; roseophage SIO1; Pseudoalteromonas phage PM2), and only one infects cyanobacteria
(cyanophage P60). The genomes of cyanophage P60 (Chen and Lu, 2002), roseophage SIO1
(Rohwer et al., 2000) and vibriophage VpV262 (Hardies et al., 2003) contain genes with high
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homology to nonmarine phages, but also open reading frames (ORFs) with little homology to any
known phage or host genes (Chen and Lu, 2002; Hardies et al., 2003; Rohwer et al., 2000),
suggesting some support of the mosaic theory but also significant ambiguities, which will only be
resolved as more marine phage genomes enter the databases. Marine phage genomes will permit
a comparison of the evolutionary and ecological relationships of phages infecting marine versus
non-marine hosts where different pressures may shape their genomes (e.g., differences in
dispersal strategies, acclimation to environmental stressors).

The marine cyanobacteria Prochlorococcus are abundant (to 10° cells ml™) in the
oligotrophic surface oceans (Partensky, Hess, and Vaulot, 1999) where nutrients, in particular
phosphate, are often limiting (Karl, 1999; Wu et al., 2000). Genomic analyses of two marine
phages, roseophage SIO1 (Rohwer et al., 2000) and vibriophage KVP40 (Miller et al., 2003a),
has revealed that these genomes encode a phosphate-inducible gene (phoH). Such an observation
suggests that the genetic composition of these phages has been shaped by their host’s
environments. Prochlorococcus phages are abundant in these regions (~10° phage ml™)
(Sullivan, Waterbury, and Chisholm, 2003). Work with phages that infect the closely related
cyanobacteria Synechococcus suggests that these phages play a small but significant role in host
mortality'(Mann, 2003) while phylogenetic inference from Prochlorococcus phage and host
genomes suggests that they are also likely to regulate population dynamics through the movement
of genetic material through the host population (Lindell et al., submitted). Because phage
genomics has yielded information that complements what is known about the ecology of marine
viruses and their hosts, we hoped to use genomic sequencing to further our understanding of
Prochlorococcus and their phages.

Here we present analyses of three genomes from Prochlorococcus phages that were
classified using electron microscopy as belonging to two morphological families: Podoviridae for
P-SSP7 and Myoviridae for P-SSM2 and P-SSM4 (Sullivan, Waterbury, and Chisholm, 2003).
The podovirus P-SSP7 infects a single high-light adapted (HL) Prochlorococcus strain, MED4,
while the first myovirus P-SSM2 infects 3 low-light adapted (LL) Prochlorococcus strains (MIT
0211, NATL1A, NATL2A) and the other myovirus P-SSM4 infects 2 HL and 2 LL
Prochlorococcus strains (MED4, MIT 9215, NATL2A, NATL1A)(Sullivan, Waterbury, and
Chisholm, 2003). None of these phages cross-infects any of ten Synechococcus strains tested thus

far. We had no prior knowledge of the gene content of these phage, thus with regards to their

genomes, these phage were selected randomly for this study. At the genome level, these phages




appear in some ways to be T7- and T4-like phages, but are genetically adapted for infection of

photosynthetic hosts in oligotrophic environments.

MATERIALS AND METHODS

Preparation of cyanophage for genome sequencing

Phages were prepared for genomic sequencing as previously described (Chapter
4)(Lindell et al., submitted). Briefly, phage particles were concentrated from phage lysates using
PEG, then DNA-containing phage particles were purified from other material in phage lysates
using a density cesium chloride gradient. These purified phage particles were broken open
(SDS/proteinase K) and DNA was extracted (phenol:chloroform) and precipitated (ethanol) to
provide small amounts of DNA (<1 pg). A custom LASL clone library was constructed by
Lucigen Inc (Middletown, WI) as described previously (Breitbart et al., 2002). Subsequent clone
libraries were constructed by DOE JGI using a similar protocol to provide further coverage of the
phage genomes. Inserts were sequenced by the DOE JGI from all of these clone libraries and
used for initial assembly of these phage genomes. The Stanford Finishing Group closed the

genomes using primer walking.

Gene identification and characterization

The genomes were examined to identify open reading frames (ORFs) using GeneMark
(Besemer, Lomsadze, and Borodovsky, 2001). Translated ORFs were analyzed for homology to
known proteins in the non-redundant GenBank database and in the KEGG database by using the
BLASTp program. Closest homologues were also compared to the query sequences to examine
for the presence of domains and length similarity of the genes. Translated ORFs were also
analyzed for signal sequences and transmembrane regions using the web-based software SignalP
and TMHMM respectively (available at the CBS prediction servers

http://www.cbs.dtu.dk/services/). In some cases, ORF annotation was also aided by the gene size,

domain conservation and/or synteny (gene order), the latter as suggested for highly divergent

genes encountered during phage genome annotation (Brussow and Hendrix, 2002).
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RESULTS AND DISCUSSION

General characteristics

While the Prochlorococcus P-SSP7 podovirus genome is not to finished quality at time
of this writing, draft sequence data suggests this genome is ~43 kb, 38.7%GC and contains 53
ORFs, terminal repeats and encodes its own RNA polymerase gene (RNAP), DNA polymerase
gene (DNAP) and an integrase gene (for comparison to other Podoviridae see Table 1). The P-
SSM2 genome is 252,401 bp, 35.5%GC and contains 327 ORFs, while the P-SSM4 genome is
178,249 bp, 36.7%GC and contains 198 ORFs (for comparison to other Myoviridae see Table 2).
These myoviruses do not contain an integrase gene, and the fact that both of these genomes
assembled and closed suggests their DNA is circularly permuted. These characteristics suggest
that, generally speaking, P-SSP7 is a T7-like phage (though unique in containing an integrase
gene) within the Podoviridae, while both Myoviridae P-SSM2 and P-SSM4 are T4-like phages.
We test this hypothesis by looking in more detail at the complement of genes found within each

of these genomes.

Core genes of T7-like phages

Comparative genomic analyses of T7-like phages suggests that they are characterized by
a core of 24 genes that are widespread among them (Table 3) and are essential for T7 lytic growth
(Molineux, in press). We have identified 16 of these genes in P-SSP7 (Table 3) and, strikingly,
their gene order is also conserved (Fig. 2). By analogy to T7, these 16 genes should allow for the

majority of host interactions and phage production including the following (T7-like gene

designations for genes involved are shown in parentheses): shutdown of host transcription (0.7),
degradation of host DNA (3, 6), DNA replication (I, 2.5, 4, 5, host thioredoxin), formation of a

channel across the cell envelope via an extensible tail (14, 15, 16), DNA packaging (18, 19), and
the formation of the virion structure (8, 9, 10, 11, 12)(Molineux, in press). Notable genes that are
absent will be discussed below.

What defines a T7-like phage? The lytic T7-like phages have long been characterized by
a Podoviridae morphology as well as a genome size of approximately 40 kb and the presence of
terminal repeat sequences at the ends of the genome and a rifampicin resistant RNA polymerase
(RNAP) gene (Hausmann, 1988). However, cases exist where the T7-like designation is unclear.
For example, both vibriophage VpV262 and roseophage SIO1 have approximately 40 kb

genomes containing terminal repeats and DNA replication genes with significant homology to




T7-like phages, but lack an RNAP (Hardies et al., 2003; Rohwer et al., 2000). In contrast,
Xanthomonas-infecting phage Xp10 contains a rifampicin RNAP but has lambda morphology
(Yuzenkova et al., 2003). Are these T7-like phages? A recent review chapter suggests that as the
known diversity of T7-like phage increases, there are three increasingly distinct genome types
emerging within the T7 group (Molineux, in press). The first type is exhibited by coliphages T3
and T7, yersiniaphages ¢A1122 and ¢Ye03-12, and Pseudomonas putida phage gh-1, which
exhibit a highly conserved genome organization that differs primarily in the presence or absence
of several non-essential genes. The second T7-genome type includes coliphage K1-5, the
salmonellaphage SP6, the Pseudomonas aeruginosa phage KMV, the Xanthomonas phage
Xp10, and the marine cyanophage P60, which have more dynamic genomes and different genome
architecture from other T7 phages, but do contain a small subset of genes homologous to other
T7-like phages, including an RNAP. Finally, the third T7-genome type contains genes
homologous to the DNA replication machinery of T7-like phages, but has limited similarity of
either overall genome organization or homology to any other T7-like genes and lacks an RNAP.
This type is represented by several distantly related T7 phages, including two marine phage
genomes from roseophage SIO1 and the vibriophage VpV262. Based upon the conserved overall
genome organization and significant similarity of genes between the Prochlorococcus P-SSP7
phage genome and other T7-like phage genomes (Table 3, Fig. 2), we suggest this phage
represents a T7-like phage.

Core genes of T4-like phages

Comparative genomics has suggested that T4-like phages contain a core of genes that are
required during phage infection. Among the six T4-like phage genomes currently available, a
comparison of the presence and absence of various genes suggests a core of 18 genes involved in
DNA replication, recombination and repair, 7 genes involved in transcriptional and translational
regulation, 10 genes involved in nucleotide metabolism and 34 genes involved in the virion
structure (Table 4). We identified many of these genes in P-SSM2 and P-SSM4 and also found
that as is the case of other T4-like phage genomes, these genes are often grouped into functional
clusters within the genomes (Figs. 3, 4).

What defines a T4-like phage? The T4-like phages are differentiated from other
Myoviridae by genome size, host type, presence or absence of an integrase gene and the

conformation of the DNA found in the particle (Table 2)(van Regenmortel et al., 2000). The
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marine vibriophage KVP40 is a Myoviridae phage that is most similar to T4-like phages (Miller
et al., 2003a). Vibriophage KVP40 shows extensive regions of genome sequence and
organization were conserved with phage T4, perhaps defining ‘core’ genes, while 65% of the
ORFs were unique to KVP40 with no known function and while missing genes involved in host
DNA degradation and early and middle transcription (Miller et al., 2003a). Such core genes are
suggested to be common to other T4-like phages (Desplats and Krisch, 2003), but these analyses

are constrained to genomes from phages that infect gamma and delta proteobacteria including this

marine vibriophage. Based upon the high number of genes homologous to T4-like phage genes
(Table 4), the lack of genes homologous to other known phage genes, and the distributed synteny
of these genes into T4-like functional groups (Figs. 3,4), we suggest that these Prochlorococcus

myoviruses are T4-like phages.

It is striking that the genomes from cyanobacterial phages contain a significant portion of
the core genes found in the well-studied T7-like (podovirus P-SSP7) and T4-like (myoviruses P-
SSM2 and P-SSM4) phages that infect only proteobacteria (alpha, delta, gamma) and in one case
cyanobacteria (Tables 3, 4). For nearly 60 years (Demerec and Fano, 1945), these coliphages
have been model systems for understanding the molecular underpinnings of phage infection. T7
and T4 are optimized for lytic infection of fast-growing E. coli hosts (which have 20 minute
doubling times) that commonly dominate niches characterized by episodic feast-famine nutrient
conditions and both anaerobic and aerobic conditions. Within minutes of either phage attaching
to their host cell surface, host metabolism is compromised and diverted towards the transcription
and translation of the phage genome for making phage particles (Kruger and Schroeder, 1981;
Kutter, Guttman, and Carlson, 1994). In contrast, the marine cyanobacteria Prochlorococcus are
slow growing (24-hour doubling time), oxygenic phototrophs that thrive in the nutrient-poor,
aerobic surface waters of the tropical and sub-tropical oceans (Partensky, Hess, and Vaulot,
1999). We hypothesize that these fundamentally different host generation times and
environmental conditions act as selective agents upon the sorts of genes carried by phages for

infection of their respective hosts.

Photosynthetic genes in cyanophage

All three Prochlorococcus phage genomes contain core photosynthetic genes previously

reviewed in Chapter 4 (Lindell et al., submitted). Because infection of E. coli by T4 and T7




phages results in shutdown of host gene transcription (Kruger and Schroeder, 1981; Miller et al.,
2003b) and turnover of core photosynthetic proteins (e.g., D1) is rapid, if photosynthesis is to
continue, it would be important for a phage to insure production of such critical proteins during
infection. Thus, such phage-encoded photosynthetic genes are hypothesized to be important for
maintaining an active PSII reaction center to allow continued photosynthesis during phage
infection (Lindell et al., submitted; Mann et al., 2003; Millard et al., submitted).

In addition to these core photosynthetic genes found in each Prochlorococcus phage
genome, the myoviruses contain additional photosynthesis-related genes — some of which are
found in both phages and some of which are found in only one of the two myoviruses. The P-
SSM2 genome also contains two genes (hol, pebA) that encode proteins likely involved in
biosynthesis of the accessory photosynthetic pigment, phycoerythrobilin, from a heme group
(Frankenberg et al., 2001) and a nifU-like gene that is thought to be important for biosynthesis of
iron-sulfur clusters in cyanobacteria (e.g., hemes) (Nishio and Nakai, 2000). The myovirus P-
SSM4 genome also contains a gene (pcyA) that encodes a protein involved in the biosynthesis of
the accessory photosynthetic pigments, phycocyanobilin (Frankenberg and Lagarias, 2003) as
well as a gene (speD) which encodes a protein involved in the synthesis of polyamines. Many of
these genes (exception = speD) occur in the marine unicellular cyanobacteria sequenced to date.
Thus, it is unclear why the production of such accessory pigments may be useful to a phage
during infection. One possibility might be that such pigments could further mitigate incoming
photon fluxes to the PSII reaction center, again providing some level of protection for PSII to
allow photosynthesis to continue throughout phage infection. SpeD is not found in marine
unicellular cyanobacteria, but its usefulness in generating polyamines, which are known in higher
plants to affect the structure and oxygen evolution rate of the PSII reaction center (Bograh et al.,
1997) suggests that perhaps the speD gene product (polyamines) is also useful for maintenance of
the PSII reaction center, again allowing photosynthesis to continue.

Photosynthetic organisms only fix carbon through photosynthesis during daylight hours.
The transaldolase protein (encoded by the ral gene) is a key enzyme in the oxidative pentose
phosphate pathway that is not active in cyanobacteria during daylight hours. Thus, in
cyanobacteria this pathway is utilized for maintenance of energy during dark metabolism and
converting the fixed carbon products of photosynthesis to sugars/nucleotides/amino acids via a

ribulose-5-phosphate intermediate (Schmetter, 1994). It has been previously hypothesized that a
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phage-encoded tal gene may allow access to stored carbon pools during non-photosynthetic

periods for continued phage production (Millard et al., submitted).

Genes involved in the specialization of podovirus P-SSP7 to its host metabolism

In addition to core T7 genes and photosynthesis-related genes, the podovirus P-SSP7
genome also contains an int gene, which encodes a site-specific recombinase protein (Table 3).
The int gene contains conserved amino acid motifs previously identified for site-specific
recombinases, which suggests a functional role (Nunes-Duby et al., 1998)(Appendix B). The
presence of a putative site-specific recombinase in the podovirus P-SSP7 genome is consistent
with a previous hypothesis (Chapter 2) that the integrating phase (as a prophage) of the temperate
phage life cycle may be selected for in the oligotrophic, open oceans where these isolates were
obtained (Sullivan, Waterbury, and Chisholm, 2003). However, the genomes of currently

available freshwater cyanobacterial genomes (Canchaya et al., 2003; Casjens, 2003) and marine

cyanobacterial genomes lack intact prophage (Dufresne et al., 2003; Palenik et al., 2003; Rocap et

al., 2003) and despite repeated attempts, no temperate phage has been induced from marine
cyanobacterial cultures (Waterbury and Valois, 1993). Indirect measures from induction
experiments in the field are suggestive that temperate cyanophage can be induced from
Synechococcus (McDaniel et al., 2002; Ortmann, Lawrence, and Suttle, 2002), but no integrated
prophage has been demonstrated and temperate cyanophage are not yet in culture. If this
integrase gene in podovirus P-SSP7 is demonstrated to be functional and allows this phage to
integrate into the host genome, then this would be the first example of a temperate T7-like phage
and of a temperate marine cyanophage in culture.

The Prochlorococcus P-SSP7 genome also contains a putative gene for ribonucleotide
reductase, which catalyzes the thioredoxin mediated reduction of diphosphates (e.g., ADP, GDP,
TDP, CDP). Thus far, ribonucleotide reductase genes among T7-like podovirus genomes have
only been observed in those from marine environments (Table 3). The roseophage SIO1 and
cyanophage P60 phage genomes each contain 1 and 2 copies, respectively, of ribonucleotide
reductases (Chen and Lu, 2002; Rohwer et al., 2000). Those found in cyanophage P60 are most
similar to cyanobacterial ribonucleotide reducases (Chen and Lu, 2002) which are thought to be
vitamin B12-dependent (Gleason and Olszewski, 2002). In both of these phages and the
Prochlorococcus phage P-SSP7, the location of the putative ribonucleotide reductase gene is

within a region homologous to the class II gene region of coliphage T7 that is involved in




nucleotide metabolism (Molineux, in press). The presence and location of putative ribonucleotide
reductase genes in all three marine T7-like podovirus genomes sequenced to date suggests that
the incorporation of nucleotides from degraded host DNA that has been well characterized for
many phage host-systems (Calendar, 1988) including Roseophage SIO1 (Wikner et al., 1993) is
particularly important for efficient nutrient utilization during T7-like phage infection of nutrient-

deprived marine hosts.

Host metabolic genes present in both myoviruses — required for myovirus infection of

Prochlorococcus?

In addition to core T4-like phage genes and the photosynthesis-related genes, both
myovirus genomes contain genes encoding proteins that are induced during phosphate stress
(pstS, phoH) (Kim et al., 1993; Scanlan et al., 1997; Torriani, 1990), involved in carbon
metabolism (zal) (Sprenger, 1995), the biosynthesis of cobalamin (cobS) (Lawrence and Roth,
1995; Maggio-Hall and Escalante-Semerena, 1999) and lipopolysaccharides, as well as the
modification of phage DNA (Miller et al., 2003b).

Phosphate is a scarce resource in the oligotrophic oceans (Karl, 1999; Wu et al., 2000)
where Prochlorococcus are abundant. Interestingly, both Prochlorococcus myoviruses contain a
phoH gene, which in E. coli is induced under phosphate stress and thought to encode an ATPase
(Kim et al., 1993). The phoH gene family is widely distributed among prokaryotes (Kazakov et
al., 2003) and has been identified in two other marine phage genomes (Miller et al., 2003a;
Rohwer et al., 2000). The presence of the phoH gene in four marine phages suggests it has an
important role under conditions where phosphate may be limiting. However, because the role of
PhoH is unknown, we can only speculate that it is likely involved in mobilizing phosphate,
perhaps through an anabolic phospholipids metabolism (Kazakov et al., 2003).

Both myovirus genomes also contain the gene, pstS, which encodes a periplasmic
phosphate binding protein involved in phosphate uptake (Wanner, 1996). In marine
Synechococcus endogenous pstS is induced under limiting phosphate conditions (<50 nM
inorganic phosphate) (Scanlan et al., 1997). Hence, expression of a phage-encoded pstS gene
might provide greater access to phosphate pools during infection of phosphate-stressed cells.
Although multiple Pho-Boxes (transcriptional promoter sequences bound by the protein
regulators of the pho-regulon) were identified in roseophage SIO1, none were identified in either

Prochlorococcus myovirus genome using the following consensus sequence
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(CTGTCATA[AT]A[AT]CTGT[CA]JA[CT]) (as suggested by (Wanner, 1996). This may suggest
that the regulation machinery of the phosphate-inducible genes in cyanobacteria may recognize a
different Pho-Box than in other bacteria. Alternatively, it might suggest that during phage
production phosphate is always limiting, thus the phages might not want to regulate expression of
a gene that encodes a phosphate uptake protein.

Finally, the presence of mazG in both Prochlorococcus myoviruses further suggests that
manipulation of nucleotides is important to infection by myoviruses of marine hosts. This gene is
widely distributed among prokaryotes (Zhang and Inouye, 2002; Zhang, Zhang, and Inouye,
2003) and is 2 member of a newly described gene family encoding nucleoside triphosphate
pyrophosphohydrolase / pyrophosphatases which catalyze the conversion of GTP to and from
GMP.

Cobalt is also found in extremely low concentrations (pM) in seawater (Saito and
Moffett, 2002) and is required for growth of Prochlorococcus (Saito et al., 2002). Both
Prochlorococcus myoviruses contain the gene, cobS, which in bacteria encodes a protein that
catalyzes the final step in cobalamin (vitamin B12) biosynthesis. The marine cyanobacterial
genomes contain an intact cobalamin pathway including cobS (E. Webb, pers. comm.), which
supports the anecdotal evidence that they can make their own vitamin B12 as it is not required in
their growth medium. Both myoviruses encode ribonucleotide reductases which are most similar
to those found in the marine cyanobacteria, which in the cyanobacteria are thought to require
cobalamin (B12) as a cofactor (Gleason and Olszewski, 2002). Thus, the production of
cobalamin during Prochlorococcus phage infection could be important for nucleotide metabolism
pfovided by the activity of ribonucleotide reductase. Alternatively, the overexpression of the
cobS gene has recently been shown to induce the phage shock protein PspA, known to destabilize
membranes in Salmonella (Escalante-Semerena, pers. comm.). Could expression of phage-
encoded cobS also provide a novel mechanism for cell lysis upon completion of lytic phage
production?

Both Prochlorococcus myovirus genomes contain putative N6-adenine methyl
transferases and N4-cytosine methyltransferases (Table 4). Such enzymes are used in T4 to
modify the DNA to prevent degradation of phage DNA by host restriction enzymes upon
infection and can allow specific recognition of phage DNA by host RNA polymerase during early
transcription (Miller et al., 2003b). Thus, it is likely that both Prochlorococcus myovirus

genomes contain modified bases for similar reasons. Notably, these modification enzymes are
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sporadically distributed among the T4-like phages (Table 4) and, in particular, are absent from
vibriophage KVP40 where it is unknown how the phage DNA is differentiated from host DNA in
early transcription (Miller et al., 2003a).

Taken together, the presence of these many metabolic genes in both Prochlorococcus
myovirus genomes suggests numerous links between phage and host metabolism, which may be

critical to successful phage production.

Metabolic genes present in one but not both myoviruses — genes transiently passing through or
necessary genes for specialized phage-host interactions?

There are many genes in these Prochlorococcus myovirus genomes that are found only in
one of the two and are typically absent from any other T4-like phages. The P-SSM2 genome
contains significant number of genes unique to this myovirus (Table 4). The presence of five
genes involved in purine (purH, purL, purM, purN) and pyrimidine (pyrE) biosynthesis suggests
that this phage infects hosts where the de novo synthesis of nucleotides are limiting to phage
production. Indeed, this is one of the largest T4-like phage genomes sequenced to date (252kb)
and it infects hosts that have small (~1.7MB) genomes (as opposed to the large 255kb
vibriophage KVP40 genome phage that infects the large ~3-4MB Vibrio host genomes) and live
in highly oligotrophic conditions.

Further, three phage-encoded clusters of a total of 35 LPS genes (e.g., epimerases,
transferases, phospholipases) were found in this phage genome. Phage-encoded LPS genes have
previously been limited to temperate phages that use these genes upon infection and
establishment of the prophage state to alter the cell-surface composition of the host (serotype
conversion) to prevent superinfecting phage from attaching (thus conferring homoimmunity)
(Calendar, 1988). While it is unlikely that this T4-like Prochlorococcus myovirus is temperate
(lack of an integrase gene, no known temperate T4-like phage), there is reason to believe that this
LPS gene cluster could still be functional and important to the phage. For example, the
Prochlorococcus myovirus is likely to have a significantly long lytic cycle (extrapolating from
Synechococcus phage lytic cycle lengths) (Suttle and Chan, 1993) relative to other T4-like lytic
phages, thus it is plausible that the phage LPS genes might be expressed early during infection to
alter the cell surface to provide similar exclusion of super-infecting phages. The presence of
some phospholipases also suggests the possibility that LPS is degraded during infection for

metabolic nutrients for phage production.
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Finally, this phage genome contains a gene (prnA) that encodes a tryptophan halogenase
which catalyzes the NADH consuming first of four steps of converting tryptophan to the
antibiotic pyrrolnitrin (Hammer et al., 1999; Hammer et al., 1997; Kirner et al., 1998). The fact
that this gene is full-length suggests that it might encode a functional protein. However, the other
steps in pyrrolnitrin biosynthesis require enzymes produced by the prnBCD gene cluster
(Hammer et al., 1999), but none of these genes, including prnA, are found in marine
cyanobacterial genomes. If we assume that the intermediate product produced by the PrnA
catalyzed reaction is of no use to the phage, then the lack of these other genes suggests that the
prnA gene encoded by the phage is not being used during infection of marine cyanobacterial hosts
and was likely acquired directly from a non-cyanobacterial host or through the fluid phage
genome pool (Hendrix et al., 1999).

The other Prochlorococcus myovirus P-SSM4 genome also contains some unique genes,
although these have perhaps less obvious roles in facilitating phage production. Two proteins
with signaling domains, carboxylesterase and a cAMP class II phosphodiesterase, are encoded by
this genome. Based upon their function in other organisms, it is likely they play a role in the
modification of carbon compounds and nucleotide metabolism, both of which are important for
- phage production during infection. It is also noteworthy that this phage genome contains a group
of some genes with little homology to known bacterial proteins, but with homology to eukaryotic
prion-like proteins (e-5), an archaeal protease (e-6) and a hypothetical protein from a eukaryotic
slime mold (e-4) all grouped near each other (Fig. 4). Similar observations of eukaryotic and
prion-like genes have been made in the genomes of mycobacteriophages (Pedulla et al., 2003).
The presence of these genes in a Prochlorococcus myovirus where they are unlikely to have a
role suggests support for lateral transfer of genes to and from a common phage genome pool
(Hendrix et al., 1999) — in this case gene transfer has managed to cross the domains of life.
Alternatively, such genes might be misidentified due to lack of homology to genes with known
function and may actually be important to particular phage-host interactions in their prokaryotic
hosts.

Finally, one ORF in this phage has homology (e-33) to a possible hemagglutinin
neuraminidase in Prochlorococcus. Such genes in the viral world have previously been limited to
the ssRNA viruses commonly infecting humans. In these ssRNA viruses, hemagglutinin
neuraminidase allows phage to attach to cellular receptors by cleaving sialic acid from

glycoproteins. Glycoproteins can be formed from polysaccharides and proteins are commonly
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important as cellular surface receptors residing on the external surface of the membrane where
they are in contact with the environment (Madigan, Martinko, and Parker, 2003). Such a gene
could be playing a similar role allowing attachment to a receptor for this Prochlorococcus phage.
The sporadic distribution of these genes suggests either that we are observing the
transient passage of these genes through the phage genomic pool or that these genes are
functional and being maintained by selection. If they are transiently passing through the genome,
one might expect the gene to be degraded over time due to neutral mutation. However, if genes
do not appear to be degraded, as is the case for the genes presented here, one might assume either
that the genes are either relatively recent acquisitions from hosts where the gene was functional,
or must be important to this particular phage and functional during some stage of the phage life

cycle.

¢

Missing’ genes
The fact that some genes required for T7 and T4 phage life styles are absent in our
Prochlorocococcus phage genomes suggests two distinct possibilities. First, these genes may
have significantly diverged from known phage genes thus preventing detection through homology
searches. It is plausible that many of these missing genes are present in our phages but more
difficult to identify due to the limited sampling of cyanophage genomes to date (Chen and Lu,
2002). If these genes are present, they may have lost sequence homology through significant

sequence divergence of an ancient homologue within this under-sampled phage lineage or due to

the replacement of a gene with a functional equivalent from a foreign source (termed non-

orthologous displacement) (Forterre, 1999). Alternatively, these genes may not be required for
infection of Prochlorococcus hosts and may be degraded by neutral mutations without selection
for sequence conservation.

The podovirus P-SSP7 genome is missing a suite of genes found in other T7-like phages
(Table 3). The protein products of these genes are likely host-specific as they are involved in
protecting phage DNA against host restriction enzymes (gene 0.3), specific interactions between
the phage and host cell wall during formation of the virion structure (e.g., genes 6.7, 7.3, 13) and
encoding the lysis-mediating amidase (gene 3.5) that is also responsible for regulation of T7
RNAP activity (Molineux, in press). These genes have yet to be identified in the other marine
podovirus genomes, cyanophage P60 and roseophage SIO1 (Table 3). Thus, these genes are

either significantly diverged from well-characterized genes (e.g., structural genes) or are not




required for infection of these marine hosts (e.g., anti-restriction proteins specific for particular

hosts).

Analyses of both P-SSM2 and P-SSM4 myovirus genomes also reveal some missing
genes whose loss may be a consequence of the specific marine host’s lifestyle. First, both
Prochlorococcus myoviruses lack the genes required for anaerobic nucleotide synthesis pathways
(nrdD, nrdG, nrdH) that are commonly found in T4-like phages (including the marine
vibriophage KVP40). However, while Prochlorococcus have been observed in oxygen minimum
zones in the Arabian Sea (Johnson et al., 1999), it is unlikely that Prochlorococcus cells in the
surface oceans of the Sargasso Sea are exposed to anaerobic conditions, thus there is no need for
anaerobic nucleotide synthesis genes in the phage genomes. Second, the lack of tRNA genes
encoded by the Prochlorococcus myoviruses (there is only 1 tRNA gene between them, Table 4)
is striking because the other T4-like phages encode an average of ~16 tRNA genes per phage
genome (range: 5-32, Table 4). In T4, eight tRNA genes supplement host tRNA species that are
present in minor amounts but that recognize commonly occurring phage codons (Kunisawa,
1992). In contrast, vibriophage KVP40 which encodes 30 tRNAs has similar codon usage to its
host, Vibrio cholerae, so it was suggested that the presence of so many tRNAs might reflect a
broader host range by KVP40 (Miller et al., 2003a). Such a lack of tRNA genes in
Prochlorococcus phages suggests that the codon usage of these phage genomes more closely
matches that of their range of host genomes.

Finally, it should be noted that there are many virion structural genes that have yet to be
identified in these Prochlorococcus myovirus genomes. It is clear from electron micrographs
(Fig. 1 B, C) that the genes encoding functionally homologous proteins to those found in T4-like
phages must be encoded in these genomes. In fact, there are many candidate ORFs, based upon
size and location in the genome, that may eventually be identified as encoding the proteins for
these structures. It is likely that, just as has been found for the other marine T4-like phage
(vibriophage KVP40)(Miller et al., 2003a), many of these structural genes are significantly
diverged and thus standard homology based searches will not identify these genes. More
sophisticated approaches targeting regions of homology, coupled with laboratory work will

greatly aid in this process.




Evolutionary fit enzymes?

The few ‘host’ genes that are found in these Prochlorococcus phages are predominately

genes from the cyanobacteria that are also found in the host genomes as part of much larger

pathways. If we assume that some (or all) of these phage-encoded genes are functional, then one
must wonder why only particular genes in a much larger metabolic pathway are of value. In the
oligotrophic environment where Prochlorococcus and their phage are abundant, it is likely that
metabolic pathways which determine the use of key nutrients such as nitrogen, phosphorus and
carbon are strictly controlled (Scanlan and West, 2002). It is plausible that one way for the host
cells to control such pathways might be through modulating the activity of key pathway enzymes
through transcriptional regulation over small time scales. For example, the transaldolase gene is
not expressed in cyanobacteria while photosynthesis is occurring (Schmetter, 1994). However, if
the phage-encoded transaldolase gene were resistant to regulation, thus constituitively expressed,
this could allow the phage constant access to important metabolites during infection.
Alternatively, over evolutionary time scales, there could be selection in the host for “control
point” enzymes whose activity was decreased so that these enzymes would act as bottlenecks in a
pathway (Watt and Dean, 2000). If there were selection for such control point enzymes with
reduced activity, could phage-encoded versions of these same enzymes offer a more efficient
form of the enzyme to maximize access to key metabolites during infection? This remains an

open question.




CONCLUSIONS

Phages populations are genetically dynamic, and must not only maintain their ability to
infect their hosts, they must also be able to delicately manipulate their hosts to enable optimal
phage replication. The three Prochlorococcus phage genomes analyzed here provide an
extensive demonstration of this intimate connection. First, all three Prochlorococcus phage
genomes representing two types contain integral photosynthetic genes that are likely required to
maintain photosynthetic activity of the hosts during infection (Lindell et al., submitted; Mann et
al., 2003; Millard et al., submitted) which is critical to successful phage production (Sherman,
1976). Second, both myoviruses contain genes involved in key metabolic pathways that suggest
that phosphate stress, cobalamin biosynthesis, carbon-store mobilization and modification of
nucleotides are important for infection of Prochlorococcus by myoviruses. Third, presence of
other metabolic genes in one but not both of the myoviruses may indicate genes that are important
to the specialized interactions between the particular phage and host. Fourth, the integrase gene
in the podovirus offers an adaptive strategy demonstrated in many other phage types, but not in
the classically lytic T7-like and T4-like phages. If the Prochlorococcus P-SSP7 integrase is
functional, this has significant evolutionary and ecological implications for the phage. Finally,

these genomes provide support for the model that phages evolve by gene exchange through

differential access to a global phage gene pool and with their hosts. The gene complements in

these genomes suggest that these phages obtained genes from this global phage genome pool as
well as from their host genomes, while maintaining core group-specific genes of the T7-like and
T4-like phages. Understanding the mechanisms for this complex genetic shuffling will be a vital
next step in our understanding of phage (and hosts) in the biosphere, as will be an understanding
of the functional consequences of this gene diversity. The proposed roles played by many of the
phage and host genes documented in these phage genomes awaits laboratory experiments
designed to examine their expression and, if expressed, eventual protein localization / interactions
to determine whether these genes are transiently passing through or play important functional

roles during infection.




Figure 1: Electron micrographs of Prochlorococcus phages: (A) podovirus P-SSP7, (B) myovirus
P-SSM2, (C) myovirus P-SSM4. Concentrated phage stocks were stained with 2% uranyl
acetate. Note the distinct T4-like baseplate and tail tube, sheath and fibers in both myoviruses.

Scale bars indicate 100 nm. Photo credit: Peter Weigele.

Figure 2: Genome arrangement of the Prochlorococcus podovirus phage P-SSP7. ORFs are
sequentially numbered within the boxes and gene names are designated above the boxes. Gene
designations are as per T7 nomenclature for T7-like genes (Molineux, in press) or as per
microbial gene designation for non-phage genes. ORFs are all oriented the same direction in this
genome. While the phage genome is one molecule of DNA, for viewing purposes the genome
representation is broken to fit on a single page. Colors indicate the class I (light green), II
(yellow) and III (light blue) genes as inferred from T7 phage. Note that the many T7 genes and

genome order are conserved.

Figure 3: Genome arrangement of the Prochlorococcus myovirus phage P-SSM2. Gene names
are designated above the box representing the ORF where genes were identified. If the ORF is
located above the centering line then it is on the forward strand of DNA, while an ORF located
below the line indicates reverse strand DNA. While the phage genome is one molecule of DNA,
for viewing purposes the genome representation is broken to fit on a single page. Colors indicate
the putative role for the identified genes as inferred from T4 phage. Unknown genes = White,
'Non-phage' genes = Pink, Transcription / Translation = red, nucleotide metabolism = yellow,
DNA replication, recombination, repair = orange, head = dark blue, tail = light blue, purple =
presumed lipopolysaccharide gene clusters, other phage genes = green. Gene designations are as
per T4 gene nomenclature for T4-like genes (Miller et al., 2003b) or as per microbial gene
designations for non-phage genes. Note the large gene, gp7, is predicted to be over 7000 amino

acids long.

Figure 4: Genome arrangement of the Prochlorococcus myovirus phage P-SSM4. Color coding,

ORF coding and gene nomenclature as in figure 3.
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Table 1: Genome-wide characteristics of the Prochlorococcus cyanophage P-SSP7 relative to the other
recognized phage groups within the Podoviridae (van Regenmortel et al., 2000). Categories include: type
of host infected by the phages, genome size (kb), number of open reading frames (ORFs), terminal repeats
(TRs), the presence of absence of an RNA polymerase gene (RNAP), the presence or absence of a putative

site-specific integrase gene (INT). Y indicates that the feature is present, N indicates that the feature is
absent.

Phage Host(s) Size (kb) # ORFs TRs (bp) RNAP INT
T7-like Gram negatives 38-43 43-56 D §

®29-like Gram positives 18-22 17-35 N
P22-like Gram negatives 38-50 60-65 N
P-SSP7 Prochlorococcus 43 53 b

Table 2: Genome-wide characteristics of of the Prochlorococcus cyanomyophages P-SSM2 and P-SSM4
relative to the other recognized phage groups within the Myoviridae (van Regenmortel et al., 2000).
Categories include: the type of hosts infected by the phages, genome size (kb), number of open reading
frames (ORFs), the presence or absence of an integrating phage element in the life cycle (INT). Y indicates
that the feature is present, N indicates that the feature is absent, Y* indicates the phage integrates using a
transposase rather than a site-specific integrase. ? indicates where no representative phage genomes have
been completely sequences, so the presence or absence of the character is unknown.

Phage Host(s) Size (kb) # ORFs INT DNA conformation
T4-like Gram negatives 164-255 252-384 N circularly permuted

P1-like Gram negatives <50 kb 40 74 circularly permuted
P2-like Gram negatives 30-34 40-44 N circularly permuted
Mu-like Gram negatives 37 55 Y* linear
Spol-like Gram positives <50 40 4 linear

OH-like Archaea 58-78 98-121 circularly permuted

Y
P-SSM2 Prochlorococcus 252 327 N circularly permuted
N

P-SSM4 Prochlorococcus 178 198 circularly permuted




Table 3: ‘Core’ genes in T7-like phages (modified from (Molineux, in press). The size (amino acids) of
each translated gene is presented for the genes classified using gene numbers according to T7 terminology.
For P-SSP7, the size (amino acids) of each gene is followed by the best T7-like or microbe-related e-value
in parentheses, with no e-value given for ORFs that were assigned using domain homology and synteny.
The T7 supergroup is divided into T7-like phages (T7, T3, gh-1, $Ye03-12, $A1122), the distant T7-like
phages (e.g., P60) and the very distant T7-like phages (e.g., SIO1) (Molineux, in press). Representative
phage(s) are included from each grouping for comparison. A ‘-’ indicates the lack of a particular gene
using standard seaches, * indicates a split gene split, and ** indicates a putative frameshift in the gene.

Gene P-SSP7 T7 T3 gh-1 ¢Ye03- @A1122 P60 SIOI notes
(e-value) 12

Class I

0.3 - 117 153 - 153 141 - —  B-DNA mimic; anti-type I restriction

0.7 125 (e-18) 359 370 - 370 - - —  protein kinase to shut-off host transcription

1 779 (e-91) 883 885 886 885 884 574 -~ RNA Polymerase

1.1 - 42 46 - 47 44 - - conserved; not essential

12 - 8 92 - 92 86 - -~  host dGTPase inhibitor; F-exclusion

1.3 - 359 347 - 347 341 - -~ DNA Ligase

Class II

j ¥ - 196 164 - 157 - - - full length gene not conserved; beneficial for growth
2 - 64 55 56 79 65 - —  host RNA polymerase inhibitor

2.5 190 (e=0.004) 232 233 234 233 233 - - SSB

3 117 (e-19) 149 153 148 154 152 - 135 Endonuclease 1. Holliday junction resolvase

3.5 -~ 151 152 147 152 152 - —  Amidase (lysozyme); regulates T7 RNAP activity
4A 521 (e-132) 566 567 563 567 567 531 523 primase-helicase; gp4B helicase has internal in-frame

start

43 - 70 70 - 71 71 - - conserved, non-essential

45 - 89 94 - 95 90 - —  conserved, non-essential

5 589 ** 704 705 710 705 705 587 581 DNAP

57 - 69 69 70 70 70 - —  conserved, non-essentiai

6 260 (e-44) 300 303 315 304 301 243 - 5'-3’ dsDNA exonuclease; RNase H
Class III

6.5 - 84 81 81 82 85 - - conserved, non-essential

6.7 - 88 - 83 91 84 89 - —  essential virion ejected protein

7 - 133 107 - - 134 - - non-essential, not conserved; host-range

73 - 99 ~ - 107 80 - - essential virion ejected protein

8 523 (e-171) 536 536 544 536 537 555 —  head-tail connector protein

9 266 (e-50) 307 311 292 311 305 -~ scaffolding protein

10A 376 (e-40) 345 348 348 348 345 221 -~ major capsid protein; -1 frame-shift yields minor capsid

protein gpl10B, F-exclusion

11 205 (e-23) 196 197 196 197 197 192 * — tail protein

12 977 (e-58) 794 802 809 802 795 680 - tail protein

13 - 138 137 145 139 139 - -  essential; required for gp6.7 incorporation into virion
14 - 196 198 194 198 197 - - internal core protein; ejected into infected cell

15 838 747 749 739 748 748 - - internal core protein; ejected into infected cell

16 1246 1318 1319 1393 1321 1319 - - internal core protein; ejected into infected cell

17 716 (e-10) 553 559 619 646 559 - - tail fiber protein

17.5 - 67 67 72 68 68 - ~  class Il holin

18 111 (e-11) 89 89 86 89 90 - ~  small terminase subunit

18.5 - 143 148 150 151 148 - —  conserved; lambda Rz-RzI homologs

18.7 - 83 83 - 85 84 - - conserved; lambda Rz-RzI homologs

19 578 (e-121) 586 587 583 588 587 566 * - large terminase subunit

19.2 - 85 147 - 78 78 - -~ overlappon, conserved

19.3 - 57 §7 - 43 58 - -~ overlappon, conserved

19.5 - 49 49 - 50 50 - —  non-essential, conserved
Others

phoH - - - - - - - 385 phosphate-stress inducible; putative RNA helicase
nrd 469 (e-11) - - - - - 406 /446 672 rnbonucleotide reductase domain

hli 64 (e-11) - - - - - - —  high-light inducible

psbA 360 (e=0) - - - - - - ~  gene encoding D1 protein of PSII reaction center
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